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1.1 
SECTION 1 
INTRODUCTION 
A cam provides a convenient method of storing information in an 
extremely compact and readily accessible package, and is thus found in a 
wide spectrum of applications,rangin~ from automobiles to wrapping 
machinery. In many cases an increase in the speed of operation brings 
benefits in the form of greater output capability, and in these situations, 
where the 'rate of information retrieval is high, or where the energy 
requirements are large, the dynamic response of the system becomes 
increasingly significant. The dynamic effects take the form of high levels 
of vibration in the follower or driver system and consequently large 
variations in the instantaneous loading of the components. The importance 
of these factors jn any practical application must therefore depend on the 
accuracy requirements of the input, output and intermediate level motions 
and the load bearing capacity and fatigue resistance of the system 
components. Failures in cam systems are generally the result of material 
fatigue, excessive wear, or secondary damage as a result of significant 
departures from the desired motion. These factors are, of course, 
frequently interrelated and imply that cam systems as a class are load 
limited, accuracy limited and speed limited in their application. 
The use of better materials and improvements in design and manufactur-
ing techniques have helped to overcome many of the problems involved in 
the quest for ever higher operating speeds. This has, in its turn, however 
brought us closer to the point where the design procedure must be considered 
to be critical, particularly in high volume production, where savings on 
material costs are paramount, or in applications where reliability and 
efficiency are essential. In this situation it is no longer possible to 
generalize about cam design procedures and the dynamic behaviour of cam 
systems. Experimental measurements of the dynamic response of the individual 
fe 
, 
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system are now a requirement before a design can be assessed, and simple 
linear mathematical models of the system no longer serve to establish a 
sufficiently accurate analysis of these results to point the designer in 
the correct direction to overcome difficul t.ies or failures. 
This investigation of the design and performance of high speed spring 
loaded cam systems attempts to relate the design technique to a more 
realistic model of the system .. The testing of the validity of experimental 
and analytical results is also a requirement that has received particular 
attention: Where appropriate, experimental, analytical and design 
techniques are examined in a more general way. The starting po",t of this 
work is the author's study of pushrod operated valve gear in an automobile 
engine (Reference 1). Investigations have been continued on a variety of 
engines, all having the basic common factor of a controlling valve spring. 
The results are therefore particularly relevant to this class of system 
and appropriate to the types of motion controls required to operate 
automobile valves efficiently. Some of this work has already been 
published by the Institution of Mechanical Engineers (References 2, 3) 
and assistance has been given in the areas of experimental measurement 
techniques, design and analysis to three of the four major motor 
manufacturers in the United Kingdom. This serves to illustrate the fact 
that the cam system design process is becoming less of an 'art' or a 
reliance on 'experience' and more of a truly scientific and exhaustive 
investigation. Contacts with industry, however, also underline the fact 
that it is not only the immediate problem that requires examination but 
also the way in which that situation has developed. Experience is 
essentially historical in na'ture and present day techniques are derived 
from the problems of the past and the methods that were created to over-
come them. The following section therefore briefly describes the cam 
system, and the more important experimental, analytical and design 
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techniques that have been applied, to reach the present stage of develop-
ment in the design and understanding of cam driven systems. In this 
historical account a great deal of cross fertilization of ideas from other 
applications of cams is noticeable and this is to be expected. They are 
discussed however mainly from the viewpoint of the high speed spring 
loaded system typical of the automobile engine. 
The discussion of the development of understanding of the system 
leads on to the more detailed appraisal of the nature of this subgroup of 
cam·systems, and analytical methods to improve our knowledge. A number 
of alternative methods, of varying complexity, are available to suit 
particular applications and some, after closer inspection, are found to 
be generally unsuitable to the requirements of automobile poppet valve 
systems. Methods of analysis are developed to improve the accuracy of 
representation within fairly generous limits of time and space. The 
results of these investigations are presented in comparative form so that 
the magnitude of the effects of various changes may be assessed. It must 
be noted that the relative importance of some ·parameters can vary from 
one system to another, and the discussion is intended to help in 
recognising which category an individual system belongs. 
Insofar as the analysis of the dynamic response of the system is 
purely related to fixed variables for a particular case, determined by the 
design of the cam profile and. the construction of the follower system, it 
is a relatively straightforward problem. When one is faced with the 
design of a cam profile however, there is really no limit to the number 
of alternative approaches, even with fairly well defined output require-. 
ments. A number of design methods are discussed later, both in relation 
to the. simple problems of defining a motion and to the more complex ones 
of deciding which motion will produce the most satisfactory performance 
of the system as a whole. This leads to an examination of types of output 
motions, as opposed to the input function requirements and the results 
of such decisions on the notional input when fairly simple models are 
assumed for the follower system. 
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A later section describes the implementation of such techniques and 
the resulting behaviour of the design in a similar approach to the 
Polydyne technique first defined by Dudley (Reference 4).· The failure 
of the model to adequately represent the system is discussed and the 
conclusion may be drawn that the model inadequacies do not match with 
the accuracy required for the final design profile to work satisfactorily 
in a modern system. Methods are developed to overcome these objections 
and the results are analysed in the light of the previous modelling 
exercise and in the light of experimental rather than analytical research. 
Finally, details are. given of a number of experiments aimed at 
·defining the behaviour of the system accurately. The relative importance 
of changes to a particular system are demonstrated and other results are 
used to illustrate the response characteristics of other designs of 
follower systems. The results are used to define the degree of accuracy 
achieved by the modelling techniques which have been developed to predict 
the system performance. Conclusions are then made about the relevance 
and practicability of the results of this investigation. 
The effort in this investigation has been concentrated into the 
analysis of the dynamic response effects rather than a complete approach 
to valve gear design which would necessarily involve a treatment of the 
lubrication of the system, the drive mechanism and the metallurgical 
requirements to maintain reliability. Where these considerations affect 
the design of the profile or limit the number or type of solutions 
available they are discussed in a general way. The breathing requirements 
of the engine are of course of primary importance, but the approach has 
been to base discussions of the systems on the eXisting design data to 
keel' volumetric efficiencies ;>nd area factors fairly close to the 
established norms. 
2.1. 
SECTION 2 
THE HISTORICAL DEVELOPMENT OF VALVE GEAR DESIGN 
IN INTERNAL CO~rnUSTION ENGINES 
Early designs for internal combustion engines tended to follow steam 
, 
engine practice, and from the first engine of Robert Street in 1794, 
until the Otto four cycle compression engine of 1876 the slide valve, 
automatic non return valve, or cylinder port system of operation predomin-
ated (Reference 5). The 1icencees of the Otto engine, the Cross1ey 
Brothers, carried on with development and in 1885 produced the·first 
vertical engine with poppet valves. Daimler in 1885 produced an engine 
using atmospheric pressure to operate the inlet valve but the exhaust 
valve waS operated via a pushrod, by a spiral groove in the flywheel 
face. Later the same year the inlet valve was changed to mechanical 
The De Dion BOuton engine of 1895 used a shaft operating at half 
crankshaft speed to operate the exhaust valves but still had suction 
operated inlet valves. This engine was capable of running at 2000 revolutions 
per minute, and by 1899 operation of the valves was by half time cams. In 
1903 Prestwich patented the pushrod system of operating overhead valves 
and by 1911 Ca1thorpe had produced an engine using overhead cams to 
operate inclined valves. Thus, by this time, the general principles of 
valve gear operation by half time cams and the various available forms of 
linkage for individual valve and cam positions had been established. It 
has been economic or mechanical considerations that have provided the 
impetus to develop the design procedures within this fairly restricted 
framework. 
In figures 2.1 and 2.2 the main features of the overhead valve 
pushrod layout and two types of overhead cam system are illustrated. Most 
problems encountered in valve gear operation have been the result of using 
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pushrod systems, due to the relative flexibility of the linkage, but over-
head cam designs have proved to be less desirable until recently, due to 
the greater cost of the drive system and the reduced accessibility for 
routine maintenance and repair. In the period between 1918 and 1939 the 
now obsolete side valve arrangement was very much in favour, and the 
relatively simple nature of the linkage removed a lot of the problems in 
valve gear design, so that mass production automobile engines remained 
in this form until the advent of high octane fuels and higher engine speeds 
made the nigh turbulence side valve head uncompetitive with the overhead 
valve system in the realms of efficiency and power output. The main 
contributions to the design of automobile cam systems were confined to 
the problems of spring behaviour, but in the aeronautical engine industry 
and in the printing and automatic process fields progress continued to be 
made in the understanding of the design and behaviour of relatively 
flexibi1e linkages and cam drives; 
In 1921 Professor G. E. Scholes (Reference 6) performed an interesting 
series of experiments using mechanical methods to record valve lift. He 
showed that the valve train was in contact up to.2960 r-,p.m. as opposed to. 
the calculated value of 3060 r.p.m. This value was calculated from the 
product of the mass of the valve train parts and the maximum negative 
acceleration of the cam, and equating this effective rate of change of 
momentum to the maximum force of the restraining valve spring. The close 
agreement of the calculation and the experiment clearly indicates that at 
this period in time the dynamic effects due to the flexibility of the 
linkage and the surging of the spring coils were unimportant. This is 
despite the fact that the applied forces on the cam were sufficient to 
cause marked indentations of the cam surface. 
By 1929 speeds had increased to the point where the surge or 
vibration of the coils of the- spring was Bufficient to markedly reduce 
the restraining force of the spring, and the work of Jehle and Spiller 
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(Reference 7) and Donkin and Clark (Reference 8) laid down a number of 
rules to follow, limiting the surge. natural frequency to at least the 
eleventh or higher harmonic of the valve opening frequency. It was also 
suggested that the selection of cam contours producing low amplitudes of 
the higher harmonics could be a useful method of limiting surge at the 
critical speeds, which occur whenever the period of the cam operation 
cycle co-incided with an integer multiple of the spring surge period. If 
a cam profile was chosen that contained a very low amplitude of the 
harmonic corresponding to the closest critical speed to the maximum 
operating speed it was expected that the vibration level 'and output motion 
control would be improved at that speed. Previous to this it was 
considered that a carn profile that produced constant acceleration periods 
was the best in limiting vibration because it resulted in the lowest 
possible maximum acceleration values being applied to the system. It had 
also been the practice to design cam profiles so that they could be 
machined easily and the triple arc cam, formed of a nose radius, heel 
radius and matching flank radii was typical of carn contours in use during 
this period. This latter· type has the advantage .of producing low 
velocities for a given lift and, because of· the geometric relationship 
between the maximum velocity and the maximum eccentricity (or scrub 
radius), results in a smaller follower diameter when a flat faced 
follower is specified. 
In 1936 Bensinger (Reference 9) showed that lift curves which only 
varied from one another by small amounts could vary in their acceleration 
characteristics by extremely large factors. In other fields of application 
it had been realised that inertia and vibratory effects had to be minimised 
as much as possible to obtain high speeds of operation. In the Universal 
Match Corporation C. N. Neklutin had been investigating the dynamic· 
characteristics of cam profiles since 1929. The problems were of a similar 
kind to those experienced in the automobile industry as the emphasis moved 
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to the more flexible overhead valve operation, namely an increase in the 
failure rate and in the evidence of,damage due to vibration as the 
operating speed was increased. Neklutin's work (References 10, 11) 
resulted in an immediate increase in output of forty percent over previous 
values because of the superior dynamic characteristics of his cam designs. 
Figure 2.3 illustrates the main features of his modified trapezoidal cam 
design which produces an acceleration input consisting of periods of 
constant acceleration linked by quarter sine waves. By careful and 
laborious ,calculation of the ampli,\;udes of response of a simple undamped 
single degree of freedom model 'of the linkage system he showed that this 
produced less linkage vibration than comparable designs in the running 
range. 
At this time other researchers were also realising the advantages of 
choosing a cam profile by referring to the likely vibratiori effects of 
the cam acceleration curve. Turlay (Reference 12) in 1934 was using a 
method of sketching smooth acceleration curves and integrating graphically 
wi th numerous laborious adjustments to obt ain a sui table lift curve. He 
found that some acceleration curves that were co~pletely smooth produced 
extremely bad vibration responses in comparison with others only differing 
marginally in the shape of their acceleration curve. Turkish in his 
book published in 1946 (Reference 13) gives a'graphical method of design 
a smooth acceleration cam from a harmonic cam by successive smoothing 
operations and equalising areas on the graph of cam lift and the higher 
derivatives. This method was being used by him in the 1930's period as 
standard design practice. 
Now that the overriding influence of the cam profile on the dynamic 
behaviour of the system was recognised, with the systems and speeds of 
operation in current use, the problem was to strike the right balance 
between the limitation of valve spring surge and the reduction of the 
unwanted vibration due to the flexibility of the linkage. In the period 
up to the outbreak of the second world war the effort was concentrated 
into the solution of the valve spring surge problem. 
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It was already realised that the production of cam profiles with smooth 
acceleration curves.(i.e. continuous in their higher derivatives) would 
result in a more rapid convergence of their higher harmonics to low or 
insignificant amplitudes. Work completed by a number of people in this 
period led to the establishment of the Harmonic Theory, to more accurately 
explain the magnitude of the valve spring surge amplitudes. Stated 
briefly, the theory is, that the magnitude of spring surge is due to 
resonance between the lowest natural frequency of the valve spring and 
the frequency of one of the harmonics of the valve lift curve. Because 
the valve lift is a periodic function, it may be resolved by Fourier 
analysis into a harmonic series, and the magnitudes of these harmonics 
should enable one to predict the amplitude of the surge at any critical 
s~eed. Hussman (Reference 14) completed some very exhaustive theoretical 
and experimental work in 1938 on this theory and his results show a 
remarkable if not miraculous agreement between the Harmoni.c Theory and 
experimental results, considering that he was on~y calculating the response 
to one harmonic to obtain the vibration level. Hussman also suggested 
that cams could be designed which contained groups of zero amplitude 
harmonics to minimise spring surge in a certain speed range. 
A rival interpretation of the valve spring surge phenomenon is the 
Wave Theory first developed by HOrt (Reference 15) in a general treatment 
of mechanical vibrations ,. and later applied by Marti (Reference 16) and 
Moorhouse and Griswold (Reference 17). The magnitude of the valve spring 
surge is calculated by determining the amplitude caused by a single period 
of cam.operation and then multiplying this amplitude by a resonance factor 
which depends on the magnitude of the damping of the spring coils. The 
implications of this technique will be discussed in the next section. 
A summary of the large number of investigations into valve spring 
7 
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vibration in the period 1920-1940 is available in the report published 
in 1945 by Oliver and Mills (Reference 18). Since this time the improve-
ments in material,and treatment such as shot peening,has enabled springs 
to be designed for a much wider stress range thus giving higher pre10ads 
and natural frequencies. The production of springs with high natural 
frequencies has until recently been sufficient to overcome most of the 
problems due to spring surge, for this automatically results in a reduction 
of the magnitude of vibration, whichever theory of surge is applied • 
. In 19·39 Olmstead and Taylor published the results of their investig-
ations into overhead valve train performance (Reference 19). A three mass 
model was used to simulate the natural frequencies of the system and by 
analysis of the experimental results it was found that only one frequency 
was of major importance. By using a simple form for the cam lift curve 
which could be expressed as a mathematical forcing function it was possible 
to solve the response of the system using a single degree of freedom 
model. The main conclusion of this investigation was that the flexibility 
of the linkage was the major factor causing mismotion in the system. The 
variation in performance with different cam profiles was not as signif-
icant as an increase in the mass of the valve or an increase in the 
flexibility of the linkage. The significance of the conclusions is 
reduced when it is realised that they were dealing with a system that 
had a linkage frequency of only 256 Hz compared with a modern overhead 
valve system in the order of 850 Hz or more. It does mark the point 
where complete analytical techniques were being tried for the first time 
and where the major concern ceased to be spring surge and emphasis 
switched to the linkage. The paper was also notable for the suggestion 
that cams could be designed to compensate for the flexibility of the 
linkage by modifying the cam lift curve to fit the measured behaviour of 
the valves. The proposition ·was made that the equations of motion of a 
mathematical model of the system could be used to form the cam shape 
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from a specified valve lift curve. 
In 1947 this suggestion was taken up by Dudley (Reference 20, 21) 
when he introduced the design known variously as the 'Polydyne' or 
'Polyphase' cam profile. This put into concrete form the application of 
dynamic synthesis techniques to cam design. Briefly the method consisted 
of forming an undamped single degree of freedom lumped mass model of the 
system, to represent the behaviour of the valve and linkage, specifying 
the output motion for the valve and then working back to obtain the cam 
profile from the equation of motion of the system. Such a model is 
illustrated in figure 2.4. 
The equation of motion of the model may be expressed in the following 
form: 
(2.1) 
where c = cam lift in metres 
M = equivalent mass of the valve in kilograms 
Kl = linkage stiffness in Newtons/metre 
K2 = valve spring stiffness in Newtons/metre 
y = valve lift in metres 
c& __ dtZ valve acceleration in metres per second per second 
At the design speed of cam rotation the acceleration of the valve 
may be eXpressed in terms of the angular rotation of the cam in degrees 
and the frequency of cam rotation in r.p.m. by the following relation. 
d2~ 2 d 2y dt = 36 (R.P.M.) dX2 (2.2) 
d2 
where dX~ is the valve acceleration expressed in metres per degree 
per degree of cam rotation 
and R.P.M. is the cam design speed in r.p.m. 
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If this expression is substituted into equation (2.1) the following 
expression may be obtained, which cQntains only the cam lift term on 
the left hand side. 
36 (R.P.M.)2 + y(l +~) (2.3) 
If the desired valve lift y is now expressed as a function of x 
d 2y (the angular rotation of the cam in degrees) and the values of y and dX7 
are calculated for each degree of cam rotation, a series of cam lift 
results can be plotted for each point. 
In this treatment of the theory the effect of the initial valve 
spring load and gas forces on the valve have been ignored, to simplify 
the explanation. The method is discussed in more detail in a later section, 
however two points may be noted at this stage. 
Firstly, the existence of the direct relationship between the cam 
lift and the valve acceleration will affect the continuity of the 
calculated cam lift function and its higher derivatives. Hence if the 
third derivative of the valve lift is a discontinuous function then the 
calculated cam velocity will also be discontinuo~s. If it is assumed 
that discontinuities in the cam acceleration curve are undesirable then 
this must lead to the conclusion that the valve lift function must be 
continuous to at least the fourth derivative. The necessity of this 
restraint called for a closer examination of the type of output curve that 
could satisfy this condition yet still give rise to a cam profile that 
developed low acceleration peaks and thus give satisfactory motion at 
conditions away from the design speed. 
Secondly the valve motion also requires a set of boundary conditions 
to define the lift and period of the output, but equally the cam profile 
must begin and end with zero lift and minimum velocity and acceleration. 
Dudley solved this problem by· applying the Calculus of Variations to 
show that a polynomial was the best solution to this set of constraints. 
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Eventually he settled on a general format for a family of polynomials 
that should produce satisfactory cUrves and cam profiles. The assumption 
was made that the curve should be symmetrical about the maximum lift 
position, giving equations of the type below. 
(2.4) 
where y = valve lift 
h = maximum lift of valve 
e .= cam angle 
a = valve half event length 
p = a variable integer 
The values of Cz, Cp , Cq and Cr could be obtained by substituting 
the boundary conditions of the motion into the equation (2.4)~ Values 
of p used by Dudley ranged from 2 to 7, the higher values giving rise to 
increased area factors, but also producing larger flank acceleratons. The 
values for equivalent mass and stiffness of the valve train were calc,-,lated 
using the standard methods, based on the contributions of the linkage 
stiffness and the spring and valve mass to the flexibility and inertia 
of the system. The details of such techniq·ues are available in most 
texts on vibration (e.g. References 22, 23). Calculation of the resulting 
cam profile was achieved using an eight or ten bank calculating machine 
in conjunction with tables of the powers of integers to deal with the 
polynomial function. The same process can be achieved in seconds today, 
instead of the two or three weeks necessary then, by solving the problem 
on a digital computer. 
Dudley's designs were tested in practice and found to produce 
superior high speed performance to the cam profiles in use at the time. 
However, the lack of experimental measurements of the valve motion due to 
these cams, prevented the definite acceptance of the proposition that this 
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improvement was entirely due to the dynamic compensation, since the better 
performance could have been the result of using a smoother cam profile. 
The publication of this work heralded a period where greater efforts 
were expended to improve the design and analysis of valve gear using 
more advanced vibration theory. Po1ydyne design studies were continued 
and experimental measurements were published to support the theory. In 
1952 further work by Thoren Engemann and Stoddart (Reference 24) developed 
more general equations for the valve lift of the form. 
(2.5) 
where the values of the powers p, q, rand s were allowed to have 
incremental values greater than 2. 
Typical series of powers were represented by the examples 
2 - 14 - 26 - 38 - 50 and 2 - 6 - 10 - 14 - 18 
Higher powers gave greater areas under the lift curve but also 
produced extremely large flank acce1erations. In the 2 - 14 - 26 - 3R - 50 
series the flank acceleration was approximately double the accepted value 
for cam profiles of the same lift and period. The effect is reduced 
however because the po1ydyne process generally produces a cam with a 
lower acceleration peak than the corresponding valve motion. 
Experimental evidence was also produced in this paper which 
unfortunately destroyed the arguments of the authors although they seemed 
unaware of the fact. For the two poly dyne profiles presented, recorded 
valve lift diagrams showed that the motion was not smooth, did not match 
the design output curve exactly, and in both cases the linkage had lost 
contact with the cam at the design speed. They pointed to the overall 
improvement in performance as evidence that the method worked, but if it 
was' not in contact with the cam at the design speed then it was completely 
unable to respond to the controlling influence of the cam contour. 
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The po1ydyne cam profile continued to attract attention and discussion, 
and the improvements in the speed of calculation with digital computers 
has eased the problems involved in producing large numbers of alternative 
solutions to,a specific design problem. References 25, 26 and 27 give 
accounts of some of the work that was done to perfect the application of 
the polydyne cam. The fact remains however, that there is little convincing 
evidence for the advantages of the polydyne profile that can be presented 
in anything other than a theoretical form. Polydyne cams have b~en 
produced which show improved motion and stay in contact with the rest of 
the linkage at the design speed but there are alternative explanations 
for their success which do not depend on the assumption that the dynamic 
compensation is responsible for their good performance. 
One possible explanation for the improvement in performance could 
have been deduced at the time from the work of Hrones (Reference 28), 
who showed theoretically and quantitatively that cam profiles differing 
from each other by only small amounts could have vastly different 
acceleration and vibration characteristics. The work of Mitchell two 
years later in 1950 (Reference 29) confirmed thi~ ,experimentally., It is' 
therefore apparent that since the polydyne cam profile is modified by 
each small change in the design speed, the polynomial output function, 
or the system dynamics, the good performance of one or two polydyne cams 
of many could have been the result of a favourable answer to a specialised 
group of trial and error procedures. This specialised group of cam 
profiles would certainly 'all have the basic advantage of smooth acceler-
ation characteristics by the very nature of the calculation process. 
Acceptance of this idea does presuppose that there do exist designs 
for ca~ profiles which will produce a minimum vibration level with a 
particular system. Since there are an infinite number of curves which 
can, match the requirements for lift, period and breathing capacity and 
the work of Hrones and Mitchell convinces us that they all differ slightly 
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in their vibratien characteristics, there sheuld be .one curve which is 
the .optimum selutien. The preblem remains one .of selecting this .one 
cheice frem an infinite number when the methed .of selectien and assessment 
can .only discard a finite number .of selutiens frem infinity. Se a geed 
cam design resulting frem the applicatien .of the pelydyne calculatien 
dees ne mere than allew us te discard the previeus selutiens and still 
leaves a wealth .of territery te explere. 
In 1953 anether aspect .of the valve gear preblem waS advanced when 
Barkan pulilished his paper en the predictien .of valve metien with an 
.overhead linkage system (Reference 30). In that investigatien he 
calculated the effective .output metien .of the valve due te the cam input 
using a single degree .of freedem medel .of the system. The results were 
cempared with experimental recerdings .of the respense and variables such 
as damping terms were adjusted until geed agreement was .obtained. A 
model .of his system is shewn in figure 2.5. In .order te .obtain satis-
factery agreement between the calculated and experimental values he wa~ 
.obliged teinclude a lead prepertienal frictien term that effectively 
decreased the valve beunce levels in the medel sy.stem. Hewever deubtful 
his justification .of this term was, seme fairly clese agreement was 
.obtained in the phasing .of the vibratien .of the system as well as the 
appreximate amplitudes. 
At the same peried .of time Bishep (References 31, 32) was develeping 
designs .of cam prefile which reduced vibratien levels in the system but 
alse permitted a simple calculatien .of the vibratieri level se that a 
quantitative estimate ceuld be made .of the spring lead required te 
everceme this effective fluctuatien in spring ferce. These multi-sine 
wave cams were designed with a pesitive acceleratien peried, er flank, 
cempesed .of a half sine wave ferm, and a lenger negative acceleratien 
peried censisting of a smaller ampl\tude half sine wave. By choesing a 
suitable peried fer the acceleratien phases the vibratien level ceuld be 
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reduced. The design method can be almost considered an amalgam of three 
techniques. It is a special case of. the Neklutin modified trapezoidal 
design (References 10, 11) with no acceleration dwell period. It may also 
seem like a variation of the Hussman concept (Reference 14) of reducing 
vibration of certain critical speeds although the methodology is different. 
Finally the facility to calculate the level of vibration at high speeds, 
albeit with an undamped single degree of freedom model, gives it a close 
~fmity to the Barkan prediction technique (Reference 30), as it enables 
the designer to calculate the likelihood of linkage separation at any 
chosen speed. 
The lift expression for the opening flank of a cam of this type would 
be represented by the following typical expression: 
c = nx - R sin mx (2.6) 
where c = cam lift 
x = cam angle radians 
n, Rt m are constants 
If a single degree of freedom system is assqmed and the valve spring 
stiffness is considered negligible in comparison with the linkage stiffness 
K, 
Then ~2 M = K(c - y) dt (2.7) 
d 2y 
where dt2 is the acceleration of the valve 
y is the lift of the valve. 
The equation of motion may be solved for a general cam speed and 
the transient term may be extracted from the solution in the form: 
d 2y ~ = M w2 np sin px (2.8) 
Wn 
. where p is the ratio W-and wn is the natural frequency of 
linkage vibration. 
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At the end of the opening flank this is the major term causing 
vibration, at the nose,since the negative acceleration phase will, 
introduce lower levels of vibration due to its lower amplitude and greater 
period., This term may now be used to calculate the excess spring force 
required to maintain contact, but also the relative phase of this 
vibration may be calculated and used to neutralise some of the transient 
terms in the following periods at, certain troublesome speeds. 
The next major advance in analytical techniques was due to 
G. l, Johrison (Reference 33) who proposed a multimass simulation of the 
valve train which could represent the higher natural frequencies of the 
system. Such a system is illustrated in figure 2.6. The major advantage 
proposed at the time was the ability to represent systems having problem-
atic linkages with major masses or springs at points intermediate to the 
output or input levels. It was also possible to represent the continuous 
spring system by a series of masses which could theoretically represent 
the coils and their surge effects to a high degree of accuracy. It was 
even possible to simulate coil clash and the different responses when 
parts of the linkage lost contact. The model was ,only soluble with the 
aid of a fairly large digital computer if any accuracy was desired. The 
use of analogue computers in this application was rendered impractical 
in view of the relative loss of accuracy in problems of this type. 
Johnson's work was taken up by a number or researchers and References 
(1,2,'3,34, 35, 36 and 37) all reflect attempts to utilize the power of 
digital computers in the tedious calculation of responses and to establish 
some criteria for the accurate analysis of cam system responses. 
Reference 36 also touches on some interesting methods of producing more 
acceptable curves for the polydyne design by piecewise fitting of desired 
portions of polynomial curves to produce suitable functions for the 
output motion. 
-~ 
.. 
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The work on mu1timass simulations remains the most powerful technique 
available to analyse valve system behaviour and is now an accepted tool 
in the car industry at the design and development stage. The problems 
involved in solving such a complex system are relatively simple compared 
with the justification and selection of the variables in the system, such 
as damping factors, equivalent masses and stiffness values. The problems 
involved will be discussed in full in the next section. 
The advent of analytical techniques suitable for multimass systems, 
and .computers fast enough to solve them, generated further interest in 
the application of computers to the dynamic synthesis of·cam profiles. 
A major contribution was made by A. R. Johnson (Reference 38) in his 
analysis of numerically derived motions for typewriter drives that could 
be applied to series systems in order to generate a cam profile producing 
a specific motion. This was essentially an extension of the polydyne· 
technique using undamped two or three degree of freedom linear models 
that were particularly suitable to simulations of electric typewriter 
linkages. The cam system was desmodromic rather than. 'spring loaded, and 
the polynomial function for the output motion wa~ .produced using a 
variation of Newtons Interpolation Formula. The reason for the rejection 
of standard polnomial expressions was the extremely high accuracy 
required to calculate the derivatives of the polynomial when very high 
powers were used. Because of the directrelaUonship between the order 
of the polynomial and the number of degrees of freedom of the system, 
the powers had to be very high indeed particularly if it was desired to 
obtain rapid early drive to the system. The method was applied to the 
design of the 'Royal Electress' typewriter (Reference 39) with apparent 
succes~, but the paper did not record the accuracy with which the real 
system followed the theoretical behaviour of the model. As in the case 
of .the Poly dyne profile it is necessary to do more than obtain a 
satisfactory performance to justify the method of analysis,and experimental 
results were not presented to prove the point. An illustration of the 
drive linkage model used by Johnson is presented in figure 2.7. 
Another approach to the solution of the cam designs producing low 
vibration was "presented in 1974 by Wiederrich and Roth (Reference 40). 
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By controlling the harmonics of the cam profile it was possible to reduce 
the predicted vibration of the follower system. Use of a performance 
index to quantify the deviation of the system from its desired motion 
enabled an optimum solution for the cam profile to be obtained. The 
technique used a linear undamped single degree of freedom model to 
represent'the system and specified the follower or output motion as a 
series of harmonic functions. The use of the simple model for the system 
was justified on the grounds that if the number of the harm@nics was 
limited so that the highest harmonic present was of lower frequency than 
the natural frequency at the maximum cam speed, then the single degree 
of freedom representation would prove adequate. It was shown that there 
existed designs for cam profiles that produced lower vibration amplitudes 
over a range of speeds than the cycloidal or sine acceleration cam. In 
a sense this method of approach was an analytical version of Neklutin's 
"more laborious individual calculation, but the design of the profile was 
controlled by the predicted level of vibration and a few boundary conditions, 
rather than the designers eye. The vibration level was expressed as a 
summation of the squared error over a range of speeds and the minimisation 
of this term should result in the best compromise for the cam profile. 
A similar index of performance had been used by Kwakernaak and Sm1t 
(Reference 41) 1n 1968 in their study of cam profiles to produce minimum 
levels of vibration. 
The work of Wiederrich showed that it was theoretically possible to 
have cam designs with high values of the rate of change of acceleratio"n 
(sometimes referred to as jerk) which produced low levels of Vibration, 
and "also that improvements were possible with cams that possessed 
discontinuous acceleration "curves. The work was entirely theoretical 
2.17 
and so no experimental confirmation is available at this time, but the 
technique is one that is attractive ,in its 'analytical completeness and 
raises questions about the existing methods of approach in much the same 
way as the advent of the polydynecam did in 1948. 
There do exist a number of fundamental objections to the technique 
when the type of motion is required to be similar to automobile valve lift 
,requirements. The limitation of the number of harmonics to define the 
cam profile results in an inability to specify a motion having a constant 
dwell period, which is an essential requirement for the operation of a 
valve. Also the use of the simple model for what is basically the linkage 
vibration term neglects any possible contributions from the spring surge 
in a spring loaded system. This objection could possibly be overcome by 
reducing the number of harmonics so that the highest order is lower than 
the valve spring Surge frequency at the maximum design speed. A further 
objection to the use of this model is that it neglects the effects of 
internal damping of the linkage dnd as shown in Reference 1 the exact 
calculation of this term is necessary to correctly represent the response 
of the system. 
These then are the main developments in cam design that have been 
pertinant to the spring loaded system. The above is not a complete and 
exhaustive summary by any means, but does set the scene for any new 
attempts to arrive at optimum solutions. Examples of some of the more 
standardised techniques are available in References 42 and 43. Applications 
of some of these approaches to specific problems has been covered by 
Koster (Reference ~4). The influence of previous work on new studies 
cannot be discounted and in the following sections the results of other 
design investigations are used to determine the possible success or 
failure of new methods of approach or more complete analyses. It is clear 
from the summary that there remains a great deal of information that is 
at present unavailable before the cam problem can be completely solved. 
If the present situation could be summarised in a couple of phrases it 
would be that purely analytical solutions have failed because of the 
inadequacy of the model, and numerical techniques have failed because 
they are unsuitable to analyse the problem. 
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SECTION 3 
THE PREDICTION OF CAM SYSTEM RESPONSE 
3.1 Introduction 
3.1 
In this section it is the intention to demonstrate the ways in which 
the response of the cam system may be predicted at the design and develop-
ment stages, so that the effects of changes to the system and the cam 
profile may be assessed. The value of such work is that it does enable a 
full and complete analysis to be made of any likely problems before a 
system has reached the prototype stage and at later stages helps in the 
definition of problem areas and in the assessment of the possible success 
of any changes in the design. With a fully developed prediction technique. 
it is possible to not only define the motion of the output system and the 
overall vibration levels, but also to calculate the vibration at intermed-
iate levels, find the magnitude of the stress in any part of the system, 
and determine the relative velocity of components and the possibilities 
of impact between spring coils or the valve and its seat. In the ideal 
situation the accurate prediction of cam system t'esponse reduces the 
development stage to a formality, but it remains to be seen whether that 
ideal can be achieved. 
The difference between the design and development stages'is that it 
is possible to check the characteristics of the model when the hardware 
is available for experiment. In any predictive analysis it is possible 
to estimate quite accurately the type of model required based on previous 
experience of similar systems. The problem that remains is the one of 
calculating the values of the parameters in that model, particularly the 
damping and the stiffness of the various subsystems .that are required to 
form the whole simulation. In a simple lumped mass model it is possible 
to arrive at sensible values for the equivalent masses, since it is easy 
to calculate the mass and moments of inertia from design drawings and as 
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will be shown in the next section the application of standard techniques 
to estimate the contribution of distributed mass to the lumped mass 
response will produce relatively accurate results. The problem that poses 
the greatest headache at the design stage is that of calculating the 
overall stiffness of the system, and in the case of more complex models, 
the stiffness of localised regions. References 45 and 46 devote some time 
to studying the influence of the flexibility of the system on the response 
and on the effects of such factors as the rocker ratio, and mountings of 
camshaft. and rocker shaft. In a pushrod system the influence of the rocker 
supports and bearings is difficult to calculate accurately and a 'guesti-
mate' is generally necessary. 
The calculation of the damping factors for the model is another 
problem at the design stage although not quite so severe as the calculation 
of stiffness. The general region of damping factors for simple lumped 
muss models of the linkage vibration response is approximately 0.05 to 0.15 
with most systems of the author'8 experience falling into the middle of 
this range. Small adjustments to this figure will be sufficient to ensure 
reasonable agreement with the true response and ~ill at least indicate 
the likely upper and lower bounds for vibration amplitudes. A later 
subsection will discuss the problem of damping factors in greater detail. 
If the system is one that is already manufactured, even if only in 
prototype form it is much easier to obtain reasonable values for the 
stiffness and damping of the system and accuracy of the model can be 
assured within the limits set by the type of simulation that is in use. 
A particularly valuable means of extracting such information from an 
existing system is to study vibration records of the linkage resulting 
from a.sharp blow to the system when the follower system is in a partially 
displaced position (Reference 1). The resulting free vibration of the 
system will enable a check to be made on the natural frequency of the 
linkage, the natural frequency of surging of the valve spring coils, the 
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damping factor of the linkage vibration mode and the damping factor of the 
coil surge mode. The model may then be adjusted to agree with these values 
so that further prediction runs may be made with more assurance about the 
accuracy of the simulation. The experimental determination of the natural 
frequencies of the system may be used to calculate the stiffness of the 
train, but if the stiffness is measured by a static force deflection test 
it is possible to calculate accuracy of the assumed values for the lumped 
masses. The ~xistence of the real system therefore provides a number of 
cross checks on the simulation, and the prediction of the response is then 
dependent on the accuracy and validity of the type of model. chosen rather 
than the existence of errors in the calculation of the model parameters. 
It is now proposed to discuss the choice of model and estimate the likely 
error in response for models of various types. 
3.2 The Relationship of the Accuracy of Simulation to the Type of Model 
used for Linkage Vibration. 
Any discussion of methods of simulating the response of a followe.r 
system to a cam input displacement generally starts by considering th. 
undamped single degree of freedom model, as illu~trated in figure ·2.4. 
This model reduces a system such as that illustrated in figure 2.1 to a 
, 
single mass AI"i two idealised springs. The real system has a complex 
distribution of elasticity, mass and damping throughout its length. An 
exact solution for the real system forced response is unobtainable by 
analytical techniques, particularly in view of the conditions existing at 
the rocker mounting points. A simplified idealisation of the distributed 
mass system such as figure 3.1 still presents problems, particularly if 
damping is included in the analysis. In valve gear systems, however, and 
in fact most spring loaded cam systems, the vibration effects of the 
distributed mass of the valve spring, which show themselves as spring 
surge, are relatively independent of the linkage vibration and.can be 
treated separately. The value of this is that it is possible to propose 
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a simple distributed mass model of the type shown in figure 3.2 and 
compare the response of this with lumped mass models that are intended 
to represent the same linkage vibration term. Here the undamped single 
degree of freedom model shown in figure 3.3 is compared in its free 
vibrati09 characteristics and later in the type of responses generated 
by forced vibration. 
Most texts on vibration (e.g. ,References 23, 47) discuss the proportion 
of the distributed mass m ,(figure 3.2) that should be added to the main 
mass'M tfi"gure 3.2) to arrive at an equivalent mass M, for the system 
illustrated in figure 3.3. If the stiffness K of each system is identical, 
\ . . 
then it is possible to arrive at a good approximation so that the natural 
, frequency of the lumped mass system matches the first natural frequency 
, 
of the distributed system. Consideration of the construction of automotive 
) , 
valve gear,leads to the conclusion that the highest possible value for the 
l:atioof the distributed mass to the main mass is of the order of unity or 
~ess as later calculations will demonstrate. 
If we define m a=i,j" (3.1) 
then the, approximate relationship for the natural frequency of the lumped 
mass system is suggested as 
w =.f!?i;'" K n m 
, (M + '3) ex ~ 1. (3.2) 
, For the ~istributed mass model the longitudinal displacements of the 
,cross sectional elements from their equilibrium position are denoted by u, 
and the variable x relates the equilibrium distance of these elements 
from the buil~ in end. The differential equation for longitudinal 
vibration is the wave equation. 
where KR.2 
m 
3.5 
(3.3) 
(3.4) 
For free vibration of the system we assume that one of the normal 
modes exi sts and applying the condi t.ions 
(u)x=o = 0 
KR.( au 
ax)x=R. 
(3.5) 
(3.6) 
which establishes a zero displacement at the built in end and a tensile 
force equal to the mass acceleration product at the other end. 
The normal mode of vibration is obtained as 
u = X (A cos pt + B sin pt) (3.7) 
where X is a normal function of x alone defining the shape of the mod(, of 
vibration associated with the frequency p. 
Substituting 3.7 into 3.3 we obtain 
(3.8) 
from which X = C cos pX + D sin E! 
a a 
(3.9) 
where C and D are constants of integration. 
To satisfy the boundary condition (3.5), C = 0 and from (3.6) we find 
~ cos pR. = M p2 sin E! 
a .a a 
(3.10) 
KR.2 
= pR. tan LR. or MaL, a a 
But KR.2 and if we define K w .. 2 ::T"" = m - = 
a m b , ' 
Then a = L tan L 
w w 
0 0 
(3.11) 
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and this constitutes the frequency equation for the system. The roots 
of this equation may be determined ~y graphical means, or iterative 
techniques, providing the mass ratio of the system a is known. The 
smallest value for the quantity E- will then correspond to the fundamental 
Wo 
vibration frequency of the system and the higher roots will give values for 
the higher harmonics. These frequencies may be denoted Pl' P2' P3' etc. 
Values of the quantity E..1. may be plotted in the general case to relate this 
Wp 
term to the mass ratio a for any system defined by the stiffness mass. 
ratio W 2 •• 
o 
a 
0.10 
0.25 
0.50 
1.00 
2.00 
4.00 
00 
TABLE 3.1 
PI/Wo P2/Wo 
0.32 3.17 
0.48 3.23 
0.65 3.29 
0.86 3.43 
1.08 3.65 
1.26 3.9,2. 
11/2 311/2 
The corresponding value of the first higher harmonic P2 has also been 
plotted to enable an assessment to be made of the forced response error 
as indicated later in this section. 
Consideration of these exact solutions for the distributed mass model 
leads.· to the comparison of the fundamental frequency calculated with that 
for the lumped mass simulation. 
The general equation for the lumped mass natural frequency (3.2) may 
be obtained either by Rayleighs method or by substituting the approximation 
3 
tan E- = E- + ~ 
W W 3w 
000 
(3.12) 
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into equation (3.11) 
which leads to the relation 
(3.13) 
for the fundamental frequency, and this corresponds exactly to equation 
(3.2) • 
In considering the range of values of a that relate to the cam 
syst.ems in general use there is no exact method available yet to determine 
exactly the properties of any but the most simple system; A side valve 
configuration with a low mounted cam, small valves and a long stroke is 
probably the easiest system to analyse in terms of the distributed 
parameter model. If a separate tappet is used it is likely to have a 
mass in the region of 0.1 kg. The valve mass and equivalent contribution 
o~ the spring, spring cap and collets will probably total more or less 
the same figure, giving a mass ratio a = 1.0. It must be noted that the 
existence of this high mass ratio does not indicate that the vibratory 
response characteristics will be poor, because the stiffness of the various 
kinds of linkage system in use will determine how important a role 
vibrations play in the final response. The mass ratio term purely decides 
the type of model necessary to represent the vibration behaviour and this 
can be good or bad dependent on the flexibility of the linkage configuration 
chosen. 
For an overhead valve system operated by rockers the assumption of 
uniformly distributed parameters in the linkage system becomes more of an 
idealisation than a reality. It is possible however to compare the masses 
of the components based on previously used lumped mass mddelling techniques 
(Reference 1) and consider the proportions of mass that are likely to be 
contributing to the vibration of the system, The mass of the valve, the 
contribution from the valve spring, the mass of the spring cap and collets 
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are all included in the end mass. The rocker may be simulated as a point 
mass producing the equivalent inertia at the valve side of the train. A 
proportion of this mass moves with the valve but the part of this on the 
pushrod side must be considered to be part of the flexible system formed 
by the bending of the rocker arm and the flexure of the supports and 
bearings. For rocker ratios in the order of 1.0 - 1.6 or so a reasonable 
approximation would be to use one third of the rocker effective mass as 
the mass contribution to the flexible part of the system. The whole of 
the mass of the pushrod could be considered as part of the flexible 
system so the contribution of this can be added to the rocker component 
after first reducing the effective mass by the square of the rocker ratio. 
This transfers the values of distributed mass components to the valve 
side and allows an estimation of a to be made. 
For the Ford V4 engine used for the majority of the tests the values 
of the component masses were approximately as follows: 
Exhaust Valve 
Spring Retainer 
'D' Spring Contribution 
Rocker Contribution 
Equivalent Mass 
.08 kg 
.02 kg 
.02 kg 
.03 kg 
.32 kg = .16 at valve side. 
This gives us a value for a in the region of 0.2. Similar estimations 
for the Ford 105E valve gear with its smaller valves, solid pushrods and 
screw tappet adjuster give a value for a in the region of 0.25. 
It.can be seen therefore that the range of values of a in which we 
are interested is likely to be at the highest 1.0, as indicated earlier 
in this section, reducing down to the regions of 0.25 and 0.1 in other 
cases. 
Thus systems in the lower range of values in Table 3.1 will depict 
the type of response we would expect to find in automotive applications. 
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If equation (3.13) and table 3.1 are compared for the two extreme 
cases a = 1.0 and 0.1 in our range qf interest, it is discovered tha~ the 
errors involved in calculating the fundamental frequency by the approximate 
method are 0.925% higher and 2.25% lower respectively. 
The closeness of this agreement between the lumped mass and distributed 
parameter models indicates the reason for the continued acceptance of the 
single degree of freedom system to analyse the fundamental response 
characteristics of relatively flexible real systems. In addi tiOll the 
simplicity- of analytical treatment, particularly in synthesis problems 
makes this type of model even more attractive. If the stiffness and 
frequency can be measured, then the accuracy of this model is ensured 
insofar as it provides the best possible match for that type of model to 
the distributed system response. 
The question must be asked however, how does the forced vibration 
response of this model compare with the distributed mass system? We are 
concerned in most prediction or synthesis techniques with the actual 
amplitudes of vibration and not merely with the frequencies. It is clear 
that the single mass model will not predict the t;esponses 'due to the 
higher modes of vibration, but there is no clear indication of the 
magnitudes of errors arriving from this omission for the existing simulat-
ions of automobile valve gear response. Nor is there any indication that 
the fundamental response of the distributed parameter model is matched 
in amplitude by its lumped mass equivalent. 
It is the intention to rectify this situation by considering the 
amplitude response characteristics of these two idealised systems in the 
hope that they will indicate the kind of differences to be found between 
the real system and the single lumped mass response. It is expected that 
there will be errors in the overall agreement because a number of factors 
have to be neglected, particularly damping, in order to simplify the 
analysis, but the results should indicate whether there is likely to be 
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any advantage in the use of more complex modelling techniques in certain 
situations. 
This analysis is.again applied to the linkage vibration problem in 
the same model form as depicted in Figure 3.2. The lumped mass model for 
comparison is as before shown in Figure 3.3. If we reduce the cam to 
its simplest element we can consider its action as that of applying a 
displacement to the 'fixed' end of the bar in the vertical direction. The 
act of initiating this movement causes the linkage to vibrate, and to 
simplify the model as much as possible, the cam is assumed to be rigid 
and so provides an earth point, or 'fixed' base which coristrains the bottom 
of the bar. In the caSe of the sinusoidal input displacement, to be 
considered first, the base is assumed to move wholly according to the 
-boundary conditions of the forcing displacement and no effects of cam 
elasticity are present. 
This situation corresponds closely with the real situation, assuming 
a good design is being considered. The analysis of the response to 
harmonic displacements is relevant, because as noted in the historical 
account, the examination of cam systems has been.largely based on the 
identification of the effects of the various harmonics on the system 
response. 
Sinusoidal Displacement Response 
If we consider the case where the distributed parameter model is 
subjected to a sinusoidal displacement at the 'fixed' end, the following 
boundary conditims apply. 
(u)x=o = y sin wt (3.14) 
and as before 
. If the solution for the displacement of the cross sectional elements 
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is given by the function 
u = X sin wt (3.15) 
where X is an unknown function of x only. 
Then substitution of this into the partial differential equation previously 
given for this system (equation (3.3». will result in the solution 
2 d2X 2 
a dx2 + w X = 0 
from. which' we derive the solution for u 
u = (E cos wx + F sin ~) sin wt 
a a 
(3.16) 
Application of the first boundary condition yields 
y = E 
and application of the second yields the following equation 
w wt w Kt (- Y - sin - + F -
a a a 
cos wt) = 
a 
2 wt wt Mw (y cos + F sin -) 
a a 
From which 
F= 
[
M w: y cos ¥a + Kt y -; sin !if] 
wt 2 wR. Kt - cos - - M w sin-
a a a 
(3.17) 
This expression may be simplified to the following. using the relations 
9. 1 
-=-
a w"' 
o 
sin :0] 
sin -
Wo 
(3.18) 
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The total response of the mass M·is then defined by the expression for 
u evaluated at X = t. 
cos 
w w w (a sin - + - cos wo) 
+ ___ ---=w:o!o'-_w;.:.uO ___ -"- sin ~ 
(a cos _w _ _ _ w_ sin _w_) Wo 
Wo Wo Wo 
1 .h ., (3.19) 
which yields the transfer function for the system 
.lli..= 1 (3.20) y {cos W W W (aw ) sin -} w w 
0 0 0 
and. the resonant frequencies for the system correspond to the free 
vibration frequencies, some of which were tabulated in Table 3.1. 
It may be shown for the corresponding lumped mass model that the 
transfer function for the displacement of the mass xL/y is 
XL 1 
- - --'''-w~2'--
Y (1 - w-z) (3.21) 
n 
In order to compare the response of each system we may calculate the 
ratio 
w w w 
xL (cos Wo - awo sin wo) 
-U-R, = --(-1-"-_~~72-2 )=----=- (3.22) 
n 
which will only hold good for input frequencies away from the natural 
frequencies of the system. 
As a typical case let us take a natural frequency of linkage 
vibration of 750 Hz and consider the effects of a few harmonics of the 
input typical of a cam system running at high speed. 
A cam speed of 3000 rpm will generate a fundamental vibration at 
50 Hz and the 5th, 10th, 20th and 25th harmonic responses will· suffice 
to describe the measure of agreement achieved. 
It is assumed that the highest. value of mass ratio a will be 1.0 
as before. 
For this ~alue table 3.1 shows that ~ = .86 and we take the best 
'" o 
possible agreement of the lumped model system to exactly reflect this 
value then '" = PI and 
n 
The relative amplitude 
= 
then. becomes 
cos 
3.13 
(3.23) 
where ~ takes the values *' ~, : and ~ for the 5th, 10th, 20th and 25th 
"'n 
harmonics. 
For mass ratios in the same order as valve gear practice we consider 
the case a = .25 and under the same conditions of equality for the 
frequencies of the lumped and distributed mass system, 
and = 
'" 
.48 '" i 
. ., :.] cos .48 -- ---- s n 
'" 
.25 "'n n 
(1 - (l!L.) 2) 
"'n 
(3.24) 
The results of these calculations are tabulated below. 
TABLE 3.2 
COMPARISON OF FORCED RESPONSE FOR THE TWO MODEL SYSTEMS 
"'/'" + n 1/3 2/3 4/3 5/3 
a= 1 .991 .983 .805 .715 
a = .25 .999 .985 .934 .895 
HARMONIC + No. 5 No. 10 No. 20 No. 25 
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It is clear that in all cases the response of the lumped mass model 
to steady state sinusoidal disp1acements is lower than the result for 
the corresponding distributed mass amplitude. The agreement obtained for 
the higher input frequencies falls off rapidly and it is only possible 
to trust the results of ,the lumped mass model in certain frequency, ranges 
for a minimum required accuracy of response. In the range of a = .25 
it is seen that the amplitude error is 10.5% for the 25th harmonic but 
it will probably be a small amplitude for that range of order number in 
most' cam designs, so the problem is not really significant. 
When dealing with systems having high mass ratios of 1.0 and above, 
and working very close to the natural frequency of the system it may be 
necessary to modify the lumped mass model to obtain better agreement with 
the real system forced response. This may be achieved by increasing the 
equivalent mass of the lumped model which will result in an increase in 
the amplitude of response. It is then possible to achieve a desired 
accuracy in the response to forced harmonic inputs, but the model will 
no longer have the same resonant frequency as the fundamental frequency 
of the real system. This may well be a problem in modelling systems with 
low damping factors which have fairly large harmonic amplitudes in the 
resonance range. 
The results of these investigations of the harmonic response of the 
linkage system are of interest because they allow comparisons to be drawn 
between the response of the two types of system models. In certain types 
of cam system this type of analysis may well be valuable, but it is very 
much dependent on the validity of the harmonic analysis technique. In 
automotive valve gear applications it is doubtful whether the guidelines 
for the proper representation of harmonic responses are met. Basically 
the technique depends on the. validity of the Fourier Analysis of the cam 
input, the true periodicity of the motion and the existence of true 
linearity of the system, so that the principle of superposition may be 
3.15 
applied to obtain the total response. In some systems these conditions 
are fulfilled and the results are valid, but in the case of automotive 
cam systems, the necessity to provide an accurate dwell period while the 
valve is on its seat means that for the major part of the cycle the linkage 
is separated and the system is no longer represented by the basic model. 
As the cam lifts the valve from the seat there is an effectively rapid 
rise in spring rate until the clearance between the seat and valve head 
is established. The motion can then be adequately represented by the 
linear stiffnesses, damping factors and equivalent masses in most cases 
until it again hits the seat on its closing cycle. During" the intermediate 
motion there may well be instances of linkage separation or valve coil 
clash, which will also invalidate the assumptions of linearity. It can 
be seen therefore that it is perhaps better to consider the valve opening 
event as a transient phenomenon. Any variation in valve clearance conditions 
will also greatly affect the distribution of the cam harmonics as pOinted 
out in Reference 1 and it is surprising that results of the harmonic 
an"a1ysis of valve spring surge amplitudes have been so successful in view 
of this (e.g. Hussmann Reference 14). 
It is therefore of interest to establish the differences between the 
transient response characteristics of the two models being considered in 
this context. The first input considered"is a step input y applied to 
the 'fixed' point. Part of the method used to establish the values of 
the coefficients are due to Timoshenko (Reference 47). 
Transient Response 
To calculate the response of the distributed parameter model to a 
step input displacement applied at the 'fixed' end. 
The displacements of cross sectional elements of the bar are determined 
by the function u(x, t) as before. 
. The boundary conditions for this 'free vibration' problem" .are as 
follows: 
u(o, t) = y 
2 . 
M(a u) W x=R. = -
u(x, 0) = 0 
U(x, 0) = 0 
These boundary conditions are inhomogeneous because of the step 
displacement. To overcome this difficulty we propose a new function 
vex, t) that is related to another variable function of x, s by the 
following relation. 
u(x, t) = vex, t) + sex) 
The boundary conditions then become 
u(o, t) = v(o, t) + s(o) = y 
u(x, 0) = vex, 0) + sex) = 0 
U(x, 0) =v(x. 0) = 0 
KR. (av dS) 
ax + dx x=R. = -
3.16 
(3.25) 
As a result of applying the wave equation to the function v (x; t) we find 
that 
d 2s We choose ~ = 0 dxL 
Hence: 
s = Ax + B 
ds 
and' if we also choose dx = o' and 
(3.26) 
sex) = y 
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we obtain a new set of boundary conditions for the function v(x, t) as 
follows 
v(o, t) = 0 
v(x, 0) = -y 
V(x, 0) = 0 
KR. (av) 
ax x=R. = -
The normal mode of vibration will be 
v = X(A cos pt + D sin pt) 
where X is a normal function of x alone defining the shape of the mode 
associated with frequency p. 
Substituting this into the wave equation we obtain again 
2 dv 2 
a dxZ + p X = 0 
from which 
X = C cos px + D sin ~ 
a a 
where C and D are constants of integration. 
To satisfy the boundary condition v(o, t) = 0, X(o) must be always 
zero. 
Le. C=o 
and X = D sin px 
a 
Also if v(x, 0) = 0 then 
o = - A P sin pt + D P cos pt at t = 0 
Hence 
so D = 0 
v(x, t) = AD sin px cos pt 
a 
= A sin ~ cos pt 
a 
(3.27) 
where A = AD 
and the solution for the complete response will be 
v(x, t) = r Ai 
i=l 
x 
sin Pi a cos Pi t 
3.18 
(3.28) 
where the Pi's are the values of the natural frequencies provided from 
the frequency equation derived from the fourth boundary condition. 
As before the frequency equation is 
a = L tan L 
w 
o 
if the boundary condition v(x, 0) = -y is applied to the complete response 
solution 
then r 
i=l 
A sin p .~ = -y 
i i a 
and coefficients Ai should be chosen to satisfy this equation. 
(3.29) 
To determine these coefficients we first multiply the above equation 
by (sin (Pi ~»dX on both sides and integrate from x = 0 to x = t. The 
following preliminaries are necessary. 
NOW 
if we choose Si 
Then 
t· 
I 8in2 (p ~) dx i a 
a 
t 
t 
= I 
o 
I ·81n2 
o 
t. 1 
= - ( -2 
dx (3.30) 
(3.31) 
Also taking into consideration the frequency equation in terms of the 
general value of S = ~ 
a = S tan a (3.32) 
for every integer m r i 
1. 
I 
o 
S x . S' x i m 
sin -1.- sin -1.- dx = - ~ sin S sin Srn 
a i 
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We can now revert to the complete response solution, and multiplying by 
Si x 
sin (-1.-) dx and integrating we obtain the following 
1. 
I 
o 
or after integration 
But 
m=oo 
L 
m=1,2,3 .. . 
sin 2Si 
2S ) 
i 
i-1,i+l ... 
1. 
- - sin 
a 
A sin 
m 
=. 
-
y 
-
Sm = 
Ai 
1. 
= - y I 
.0 
Si x 
sin -1.- dx 
m=oo 
L A sin m 
m=1,2,3 ... i-1;i+1 
(V) x=R. - Ai sin Si 
t=o 
sin Si 
m ) 
and substituting this into (3.33) we obtain 
- 1. (1 -
sin 2Si 
Ai '2 2S ) 
i 
hence 
[ ~ _ 1. sib 2Si Ai 4S i 
1. 
Si (y + Ai sin Si) + - sin a 
= y [ L (cos Si 
- 1») Si 
1. sin2 
Si) y [: cos + = a 
. i 
1. 1. 
Si - - - - sin 
Si a 
(3.33) 
(3.34) 
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, 
and realising that the frequency equation may be written 
-4y 
Ai = -:(""2 S::-i-+::=.LS i:-n---=2C::S-i :-) 
(3.35) 
The complete solution for the motion of any part of this system, defined 
by ,the variable u(x, t) may now be written using the relation (3.25) 
and knowing sex) = y 
u(x, t) = vex, t) + y 
u(x, t) = y -
SiX 
m 4y sin --L ___ -:::.1. ___ cos 
i=l (2S1 + sin 2Si ) 
(3.36) 
(3.37) 
S1nce we are mainly interested in the motion of the end mass we may write 
m 4y sin Si Si at 
u(R., t) = y - L cos (3.38) 
i=1 (2Si + sin 2Si ) 1. 
In order to compare this response with the lumped mass model we again 
specify the same boundary conditions of a step input y and obtain the 
solution for the displacement of the mass at a subsequent time t as 
= y(1 - cos w t) 
n 
(3.39) 
It can be seen that the magnitude of the error of this model when trying 
to follow the step input is simply the amplitude of the cosine term i.e.,y. 
In the distributed parameter system the magnitude of the cosine 
function is dependent on the frequency being considered, but essentially 
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'" 
the error term is measured by the series L e i where i=l 
(3.40) 
In this case we may compare the error terms directly since they 
indicate the relative level of vibration likely to be initiated by a 
step input, and are not directly related by frequency considerations. 
To compare the first natural frequency response of the distributed 
parameter model the magnitude of the quantity el is divided by y and so: 
(3.41) 
The value of 61 is dependent on the mass ratio for the system in 
question (a), and remembering that 6 ~ E-. the appropriate quantities can 
Wo 
be inserted in the equation by consulting table 3.1 for various values 
of CL. 
A table may now be drawn up comparing the relative vibration amplitudes 
produced by systems with mass ratios in the range that we are considering. 
The value of the contribution of the next natural frequency has also been 
included for the Same values of CL and compared with the lumped mass 
response. The last column compares the first two frequencies of the 
response of the distributed mass system as a direct frequency ratio. 
TABLE 3.3 
COMPARISON OF TRANSIENT RESPONSE A~WLITUDES FOR THE TWO MODELS 
Mass Ratio elly i 2/Y 62/ 61 
CL = 1.0 1.12 -.17 4 
CL - .25 1.04 -.05 6.75 
CL = .1 1.02 -.02 9.9 
It is again noted that the response of the lumped mass model is 
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less than that of the distributed parameter system in a similar way to 
the sinusoidal response result. The differences in the step response 
case are larger however, if the lower frequency ranges of the sinusoidal 
response are being considered. It should be noted that the ratio used in 
this table is the reciprocal of the ratio used in table 3.2. This has 
been done to enable the error to be compared for not only the first 
natural frequency but also the second, to establish the likely effects 
of ignoring this response. The errors in this case will be some of the 
errors due to all the high natural frequencies. However to simplify this 
discussi'on the consideration has been limited to the first two 'terms 
only. 
Observation of the table 3.3 would indicate that the error involved 
could possibly be as large as 29% in the case a = 1.0 if a lUmped mass 
model is used, and the phasing of the first two terms was such as to 
allow them to be completely additive. However the second natural 
frequency is always at least three times the fundamental frequency and 
is probably reduced considerably in amplitude by the time this occurs, 
due to the effects of damping which has so far been neglected in this 
analysis. The representation of the amplitude characteristics may 
generally be considered satisfactory for values of a in the order of' 
.25 and less, but a more important consideration is the way in which these 
ampli tudes affect the representation of the acceleration and separation 
characteristics of the system. 
The acceleration characteristics of the valve maSs in the models 
suggested are an important measure of the possibility that the linkage 
vibration term may have sufficient amplitude to cause premature separation 
of the linkage components. If a diagram of the acceleration input from a 
cam profile is examined such as in figure 2.3 it can be seen that the 
largest amplitude input is on the opening flank and closing flank of the 
cam. At high speeds this acceleration is almost like a sudden hammer 
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blow to the system and initiates a transient type of response exciting 
all the natural frequencies ~f the system. The vibration during this 
opening flank period then affects the motion during the following negative 
acceleration period where the only external force keeping the system 
together is the valve spring compressive force. Maximum spring forces in 
the region of 1000 Newtons are common and most of this force is required 
to accelerate the valve mass during the negative acceleration or nose 
period. Any linkage vibration persisting in this period is then likely to 
cause premature separation because of the superimposed valve mass 
accelerations that result. The most critical point for most systems is 
the first negative acceleration peak of vibration after the opening flank 
period. This point will have the lowest spring load, the highest vibration 
amplitude, because later vibrations will be reduced by the damping present 
in the real system and separation at this point will cause a subsequent 
impact which will produce further vibrations to affect the closing period. 
The work of Neklutin in his design of cam profiles (References 10, 11) 
was based on producing an acceleration shape for the flank period that 
produced the lowest possible residual vibration to avoid this problem. 
His work was of course based on a single degree of freedom treatment. We 
now investigate the differences in the acceleration responses of the 
distributed parameter and lumped mass systems. 
The general expression for the displacements of the distributed 
parameter model is given by equation (3.37) as follows: 
4 Y 
u(x, t) = y -
~x 
sin ----2 
cos 
The motion of the mass is represented by this expression evaluated 
at x = 2 i.e. 
u(2, t) = y - L 
i=l 
cos 
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and the acceleration of the mass will·be the second derivative of this 
wi threspect to time. 
'" l (3.38) 
i=l 
The corresponding result for the lumped mass system is as follows: 
= w 2 Y cos w t 
n n 
(3.39) 
We can assume with a fair degree of accuracy as indicated earlier that 
the lumped mass, and distributed parameter systems will have one pair of 
identical natural frequencies if one third of the distributed mass is 
lumped with the main mass for the lumped simulation. 
i.e. 
and 
PI = -- = w 
n 
M 
eq 
m CL 
= M + 3 = M(l + 3) 
The magnitude of the mass acceleration product in each case will 
therefore give a measure of the relative spring force variation in each 
model. We calculate the amplitude of the first acceleration term in the 
series for u and multiply by M and divide this by the product of the 
lumped· mass and that model's acceleration amplitude 
i.e. 
M UI M w 2 4 sin I'll y ______ = ________ ~n~ ____________________ _ 
CL . 
M w
n
2 ( 1 + 3)(2131 + sin 2SI)y 
(3.40) 
The corresponding comparison for the second term in the distributed 
paramter series is 
=------------- (3.41) 
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The values may be plotted for various values of a as below. 
TABLE 3.4 
COMPARISON OF TRANSIENT LINKAGE VIBRATION INERTIA FORCES 
FOR THE TWO MODELS 
Mass Ratio miil/M xl mii2/M x 1l2/lll eq eq 1 
a = 1.0 .845 -2.04 4. 
a = .25 .96 -2.11 6.75 
a = .1 .985 -1.9 9.9 
As will be seen from this table, the calculation of the inertia force 
comparison puts a completely different complexion on the conclusions we 
have previously drawn. The primary 
response of the system as described 
Mii1 term M X indicates that the true 
eq L 
by the distributed parameter model is 
less than the lumped mass response would indicate. Or to put it anotl'er 
way, the modelling of the system by a lumped mass analogy will show larger 
variations in the spring load of the system than·the true response. This 
would tend to suggest that the use of such a model to predict linkage 
separation speeds of the system in question will result in a slightly 
lower suggested speed at which separation occurs than that which is 
measured in the real system. We could therefore consider the modelling 
of the linkage response by a lumped mass analogy to result in an effective 
factor of safety when used in the design context, to recommend maximum 
speeds of operation for a system. 
It will be of interest at this point to compare the results for the 
forced 'vibration term in the same way for a sine wave input. The previously 
calculated response of the distributed parameter model for an input y sin wt 
when measured at the main mass centre x = t, is as follows: 
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a y sin wt 
F (u) 1, = ---=w'-"---'='=W..::.:=----W-
-(a tan-) 
Wo Wo Wo 
cos 
The acceleration will be 
a w2 y sin wt 
F (U) 1, = -....:::.w-=---'-"~w::....;::..:...-w-
cos -(a - tan -) 
Wo Wo Wo 
(3.42) 
The acceleration of the lumped masS model will be as follows 
(3.43) 
So the corresponding forced response solution to a sine wave input will 
give us an inertia force amplitude ratio expression as follows 
~(ij) 1, a(l - w
2 2 
w
n
Z) 
=--------~-----------
cos 
w 
w 
o 
w tan -) (1 
Wo 
a 
+ -) 3 
(3.44) 
It will be seen that this corresponds exactly to the reciprocal of 
1 the quantities calculated in table 3.2 multiplied by -~~--
(1 + ~) 
3 
A new table may be drawn up based on these values ,to compare the inertia 
force characteristics at various input frequency ratios as follows 
TABLE 3.5 
COMPARISON OF FORCED VIBRATION INERTIA FORCES 
FOR TWO MODELS AT VARIOUS FREQUENCIES 
w/w 
n 
... 1/3 2/3 4/3 5/3 
a = 1.0 .75 .76 .93 1.045 
a = .25 .93 .94 .99 1.03 
This table brings us to the surprising conclusion that a single 
lumped mass model represents the real system better at higher input 
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frequencies than at the low frequencies as far as spring loads and 
inertia forces are concerned. The range of input frequencies that can be 
considered to affect the motion must be not much more than that covered 
by this table since we have included the 5th, 10th, 20th and 25th 
harmonics. At this stage the amplitudes of the higher harmonics in the 
input must be very small and so variations from the true representation 
will not be so important. Consideration of the low frequency response 
indicates that the ratio tends to a low frequency limit of 0.923 for the 
case a = :25 and .75 for the case a = 1.0. Thus there is an underestimate 
of the forced inertia force response of at most 7.7% in the frequency 
range of interest for values ofa < .25, which covers most valve gear 
systems. Examination of the transient response table indicates a maximum 
error in the fundamental term ratio of 4% for a < .25. It is possible 
that these errors will be additive in certain situations, since the 
t"'ansient term and the forced term can vary in their phase relationships, 
but the maximum percentage error will be the maximum error of the individual 
components of response. If the transient is non-existant and the input 
is entirely a low frequency harmonic then the ma~imum error is generated 
and is less than or equal to 7.7% for all values of a ~ .25. 
The conclusion we must draw from these results, is that the forced 
response and the transient characteristics for the first natural frequency 
of distributed mass systems are well modelled by single degree of freedom 
lumped mass systems, and we would expect the accuracy of such model 
techniques to be well up to the accuracy of experimental measurements. 
The examination of the results for the higher natural frequency in 
table 3.4 however, indicates that the primary term is not the one that 
is the.major transient contribution to the inertia force and spring 
force variations. Variations caused by the higher frequency are 
approximately twice the size ·of those generated at the fundamental 
frequency and if this was always the case we would be forced to dispose 
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of the single mass lumped model and examine other methods' of reproducing 
the system characteristics. The step input used to generate the transient 
vibrations that are being discussed is a very severe test of the dynamic 
response of the system. If this type of motion is required, then the 
single mass model is ruled out of court and the examination of the 
characteristics of the system could be carried out with multi mass models. 
We may now therefore specify that the accuracy of the model cannot be 
guaranteed where there are discontinuities in the input displacement of 
the cam. it is now proposed to examine the response of the distributed 
parameter model to a constant velocity ramp applied suddenly to the system. 
This input is approximately the same as that provided by the clearance 
ramps normally provided on cams to allow for the thermal expansion of the 
engine components. 
The input to the system will be specified as a cam motion 
c = yt 
We may immediately specify the general solution of the motion in terms 
th'at satisfy the wave equation as: 
u = yt + L 
i=l 
Ili x 
sin--
9. 
Ili at 
+ Bi sin -=---) 
9. 
Initial conditions are, u = 0 at t = 0 for all x 
and 
Le. 
Hence 
u = 0 - y + L 
Ili x 
sin--
{l 
.. 
i=l 
Ili x 
sin -- = 9. 
(3.45) 
(3.46) 
(3.47) 
As in the step response calculation both sides of this equation are 
Ili x 
multiplied by sin --9.- dx and, integrated from 0 to 9., which leads by the 
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same reasoning as before to 
i 
[ 1 -
sin 2 ~] + i sin ai [~ sin a i ] Bi 2" 2a i a i a + Bi a 
= 
i 2y [ cos ai - 1 ] a Z a i 
(3.48) 
i And eliminating terms using a sin ai we obtain the following 
expression- for Bi 
So. the full solution 
4 i y 
u = yt -
a 
ai x 
sin--i ai at 
sin 
The general response for the lumped mass system is 
XL = y(t _ sin wnt) 
W 
n 
Using the assumption that the fundamental natural frequency 
(3.49) 
(3.50) 
(3.51) . 
of the 
distributed system equals the lumped system natural frequency. we may 
compare the two transient response amplitudes to the same input for the 
first and second normal modes of vibration. 
4 i y sin a i (u) = 
x=i 
lli a(211 i + sin 2ai) 
(3.52) 
(XL'T =L W (3.53) 
n 
(u)x=i 4 i W sin lli 
= 
n (3.54) 
(XL)T ai a(2a i + sin 2a i ) 
3.30 
The momentum and inertia force comparison will also be of inte'rest and 
these are expressed by the following ratios: 
M(u)x=R. 4 sin Sj 
= 
+ .a.) (3.55) Meq(xL)T (2Si + sin 2Si )(1 3 
M(U)x=R. 4S i a sin Si 
and = (3.56) 
Meq<XL)T w R.(2S + sin 2S )(1 + .':) n i i 3 
TABLE 3.6 
COMPARISON OF RAMP RESPONSE FOR THE TWO MODELS 
AND THE PROPORTION OF SECOND HARMONIC 
DISPLACEMENT MOMENTUM INERTIA 
III ' 112 III S2 III 112 
Cl = 1.0 1.12 :....04 .84 -.12 .84 -0.48 
Cl = .25 1.04 -.01 .96 -.05 .96 .,..31 
Cl = .1 1.02 -.002 .985 -.02 .985 -.19 
An inspection of table 3.6 will indicate that it is possible to 
adequately model the response of a cam system to a ramp function 
providing Cl is not too large and the second harmonic and higher terms 
can be damped out before they reach critical areas. If a constant velocity 
ramp is provided ,in the cam design to lift the valve from its seat, these 
conditions will be met, for the variation of the vibrations during the 
opening 'flank will be unimportant in their effects on the overall motion. 
The closing ramp is a different matter however, and errors must be 
expected in the response the lumped single mass model predicts. Fortunately 
the spring load is not generally a critical factor at this point and the 
momentum errors for Cl ~ .25 are less than 5%, so reasonable agreement may 
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be expected as the valve hits its seat. The other situation where a change 
in velocity is imparted to the syst~m is after separation has occurred. 
Errors in the period after separation will be due to two factors, the 
difference between the equivalent lumped mass and the real mass M, and 
the error in the response as the clearance is taken up and the velocity 
changes. In most situations the prediction of separation of the components 
is the main point of the exercise and errors in the subsequent motion even 
as high as 50% are of no real interest. It is possible, of course, for a 
cam profile to be constructed with sudden changes in the velocity function 
and inspection of the profile function or velocity curve'should indicate 
.. whether the model chosen will be sufficient. There is no necessity to 
investigate the whole of the profile, the main problem area will be any 
velocity changes occurring on the nose near the opening flank. 
We can now say that a single mass model should be able to represent 
a distributed mass system within the tabulated limits, providing the 
displacement input contains no discontinui ties. .The possibility of 
resonance occurring with certain harmonics of the profile does lead us to 
investigate the transient terms generated by har~onic inputs to the system. 
If we wish to examine the transient terms resulting from the sudden 
application of a pure sine wave forcing function to a distributed mass 
system it is possible to obtain the transient displacements in a series 
similar to the results for the step and ramp input responses. Neglecting 
the steady state solution for the sinewave input, which has been previously 
covered in this text, we discover that the ratio of these transient 
response amplitudes is as follows, for the first two terms in the series. 
(3.57) 
where A2 and Al are the amplitudes of motion of the mass M, i.e. amplitudes 
at x = R.. 
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The ratio of the accelerations of these modes must be in proportion 
to the square of their natural freq~ency ratios i.e. 
P2 sin 2 S2(2S1 + sin 2SI)(PI2 - 00 2) 
--=- (3.58) 
The relative values of these expressions may then be considered to be a 
measure of the error that results from using a single lumped mass approx-
imation for the system, since we have already established the ac:.mracy of 
the .fundamental response as far as inertia forces and accelerations are 
concerned. 
The values of this second harmonic transient response are plotted for 
the same values of a and for an extended range of frequencies expressed 
as the ratio of the input frequency to the fundamental natural frequency 
of the system. 
TABLE 3.7 
COMPARISON OF THE ACCELERATION AMPLITUDES OF THE FIRST TWO 
TRANSIENT MODES (IN TRANSIENT MODES) IN RESPONSE TO A SINE WAVE INPUT 
EXPRESSED AS PERCENTAGES 
00=0 00 =1/3 w 00 ~ =5/3 00 3 00 5 S'!.... = 6 00 - - =2/3 - =4/3 -= -= = 8 
PI PI PI PI PI PI PI PI 
a = 1.0 1.3% 1.14% .73% 1.13% 2.76% 23.5% 56% - -
a = .25 .14% .12% .06% .105% .27% 1.4% 6.7% 19.6% 26;5% 
a = .X- .0175% .016% .01% .013% .032% .16% .56% .95% 3.1% 
The table indicates that the second harmonic component of the 
distributed parameter system will be small except close to the regions 
where the frequency of the. input function is equal to the frequency of free 
vibration of the second normal mode. It is therefore important to ensure 
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that the cam input, function does not possess large amplitudes of such a 
harmonic in the valve lift interval or the type of errors indicated in 
the table will be generated in the single mass model response for these 
components. Thus although as has been mentioned before, the application 
of Harmonic Analysis and superposition of the periodic responses is 
invalidated by the non-linearity of the system, during the lift interval 
it is possible to analyse the harmonics of the input and obtain a solution 
of the combined steady state and transient solution from the sum of the 
responses over that limited time, providing the system is linear. The 
magni tudes of the higher harmonic components of an input may be reduced ',' 
by choosing an alternative input fUnction which has continuous higher 
derivatives. Hussmann ~eference 14) states as a general rule that the 
magnitude of the harmonics of a function decreases as their order raised 
to a power (n + 1) where n is the number of the lowest derivative of the 
function exhibiting a discontinuity. 
1.e. 1 A 0:2 
r r 
where A is the amplitude of the r'th harmonic and z = n + 1. 
r 
{3.59) 
Therefore to ensure that the analysis is accurate the cam input should 
be a smooth function, particularly for systems with high mass ratios. In 
most cases this will be true, particularly if the input function is a high 
order polynomial, which is a popular choice for a cam profile these days. 
We have so far established that a single degree of freedom lumped 
mass system will give good agreement with the distributed parameter system 
with the provisos that have been made regarding the design of the cam 
profile and the relative flexibility of the spring and',linkage." 'The 
agreement between these two systems indicates the measure of agreement that 
might be expected between the lumped mass and the real ,system, providing 
care is taken to match the stiffness and frequency characteristics. In 
order to simplify the analysis damping has been ignored and the effects 
will be considered in the next subsection. 
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3.3 The choice of damping values to simulate the system response 
The author has used transient .response tests on the cam system to 
obtain measurements of the natural frequencies and damping factors of 
the normal mode responses of the whole system. (References I, 2, 3) 
The technique is described later in the text in the discussion of 
experimental procedures. Strain gauges or accelerometers are generally 
used to provide a signal proportional to the transient response of the 
system when the valve is in an intermediate lift position. Examination 
of recordings of this response show that a lightly damped linkage vibration 
predominates at first, but dies away to reveal a much lighter damped 
spring coil vibration, which often contains significant second harmonic 
content. The spring coil vibration may be identified as such by noting 
the absence of this component if the test is repeated while the fingers 
are lightly rested against the centre coils. Damping factors may then 
b·,a measured from the decrement of these two modes of vibration and it is 
found that generally the values for the linkage vibration are in the 
order of 0.1 and for the spring coil vibration approximately .01 if 
linear viscous damping is assumed. In order to reproduce this free 
damped linkage vibration of the real system in ,a lumped mass model it is 
only necessary to specify a damping coefficient c for the system where 
cis calculated by the normal relationship., 
c=2CIPIM 
eq (3.60) 
where PI is the measured frequency (rad/s) and Cl is the measured damping 
factor. 
Since the damping is light the forced response of the model system 
should .also give good agreement, since we are in effect reproducing the 
responses of a normal mode of the system. The recordings made for 
automotive valve gear do not clearly indicate the presence of a P2 term 
for the linkage vibration. As the previous section indicated these higher 
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harmonics are quite large for ramp inputs and step inputs and it must 
be presumed that they have been damped out in the very early stages before 
the primary response is distinguishable. The fundamental response is 
reduced to negligible proportions after three or four cycles and in this 
time the second normal mode of linkage vibration will probably have 
completed at least twenty cycles, dependent on the exact frequency relation-
ship for the system. Any damping in this mode will improve the accuracy 
of the simulation we make with a single degree of freedom ·model. Since 
the .time t'aken for the vibration recordings to settle down to the primary 
response is approximately half the period of this response, it can be 
assumed that the second harmonic content has also been reduced to 
neeligible proportions in three or four cycles, which would place the 
damping factor for this frequency in the order of .1 or more. 
The existence of a damping factor of this magnitude in the second 
mrlde of vibration indicates that the resonance response for this frequency 
will result in dynamic magnification factors of approximately five 
associated with this order of harmonic. Providing the harmonic ampli'tude 
of the input is low then the overall response wi+~ not be affected a 
great deal by this term and the single mass model will more adequately 
reflect the true response than the calculations in the previous subsection 
would indicate. The measurement of damping factors of .1 for·the system 
will also indicate that the resonant, free damped and natural frequencies 
will approximately coincide with each other since they will be related 
by the following expressions. 
Free damped frequency 
Resonant frequency 
= W 
n 
(3.61) 
(3.62) 
where Cl is the order of .1 the maximum error resulting from the assumption 
that W = wD = wR is only the order of 1%. n es . 
The lcw values cf damping asscciated with the valve spring vibraticn 
make it essential that the ccil surge is no.t igncred as a factcr in the 
analysis. Here it is impcrtant to. obtain a measure cf the frequency 
befcre the analysis can be prcperly justified. The damping term may then 
be included depending cn the kind o.f mcdel in use fcr the spring. The 
lo.w value cf .• 01 measured in transient tests and the existence o.f seccnd 
harmo.nic ccmpcnents in the traces, plus the fact that the valve spring 
system is free to. reinfcrce the vibraticn frcm cycle to. cycle and thus 
create a rescnance at certain speeds help to. set the practical standard 
by·which we shculd measure the mcdel system. The prcblem will ncw be 
discussed in the hcpe cf settling cn a suitably accurate mcdel fcr the 
, 
valve spring system. 
3.4 Valve Spring Mcdels 
It is pcssible to. mcdel the surge effects cf the spring by treating 
it as a bar cf unifcrm distributicn cf mass and stiffness k fixed at bcth 
ends as in diagram 3.4. The effect cf a sinuscidal mcticn at cne end 
may ncw be investigated. To. make the ccmpariscn with cther models easier 
the effects cf damping will be igncred. As in the linkage vibraticn 
prcblem the dynamic effects may be described by the Wave Equaticn. 
The end ccnditicns fcr this mcdel will be 
u(c, t) = 0 
·u(~, t) = Y sin wt 
A scluticn cf the fcrm u(x, t) = X sin wt is suggested. 
Substitutio.n into. the wave equaticn will shcw that the scluticn fcr 
the steady state ccnditio.n will be: 
wx 
sin -
a !.I = Y ---"";;-w~ 
sin -
a 
sin wt (3.63) 
The strain in the system will be described by the function (du) and so 
dX 
the local force at any point along the bar will be Ke(~~). 
or 
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wx Ki Y w cos Force = a 
-----w-:"i::O- sin lilt (3.64) 
a sin-
a 
.The force at the point x = i is the one that interests us because we wish 
to compare the dynamic effects. as the spring load affects the rest of 
the system. 
Setting x = i we obtain 
Forcex=i 
w wi 
= Ki Y - cot sin lilt 
a a 
(3.65) 
From this relation it can be seen that there are a series of resonant 
wi frequencies where cot -- is equal to infinity i.e. at values where 
a 
IIll = 11 211 3 4 a . • , TT, 1f, etc. As III tends to zero the value of the amplitude 
of force tends to Ky, the static case. 
The value of the maximum stress will occur where x = 0 which will be 
the base of the spring, or equivalent to the position of the bottom coil. 
It may also be noted that the stress is a function of the velocity amplitude 
of the input although the maximum amplitude is reached in phase with the 
displacement. Since the main concern is to adequately model the effects 
of the vibrations of the system and the major term in the linkage is the 
fundamental frequency it is proposed to examine the response when a 
frequency typical of linkage frequencies excites the system. 
The fundamental coil surge frequency is defined by the above relationship 
1Ia 
as. Pi = -,;- • 
In automotive applications this is frequently in the range of 
500 Hz-700 Hz. The linkage vibration in the same system may be of the 
order 750 Hz-900 Hz for a pushrod arrangement. Accordingly a reasonable 
5 11 a 
test case would be to examine the effects of an input frequency of 4i 
3.38 
Making the appropriate substitution into the Force equation, the 
amplitude 511 = Ky(~) = 3.92 Ky. 
Thus it can be seen that the spring force variations applied to the 
valve mass are magnified by almost four times the static loads for the 
same displacement amplitude for this particular relationship of linkage 
and surge frequencies. Although the model has been much simplified by 
the attempt to separate the effects of the linkage and the spring it may 
be deduced that to gain any effective knowledge of the possibili.ies of 
separation in a system due to the vibration, the fluctuations in the spring 
load must be included. It may be noted that the input frequencies of 
.,. --.!.!! 311a 511a twill d fl ti i th 1 d t 11 w --- e c pro uce no uctua on n e oa a a 
,2£ '2£ '2£' • 
since these correspond to the natural frequencies of the spring with one 
end free. Choosing inputs composed only of these frequencies would seem to 
be a method of reducing the fluctuations in spring load,but this would result 
in a lack of control of the main mass. Vf) ,t, Also the start of the 
vibration will generate transier.ts which will produce stress in the system 
and hence opposing forces, which will not be damped out in the course of 
" 
the lift period. 
Another requirement of the model we make of the valve spring is that 
it should reproduce as accurately as possible the response when the valve 
hits the seat. This may be considered as a constant velocity motion of 
one end of the spring which is suddenly stopped when the valve seat is 
contacted. In this situation the points along the spring may be considered 
to be moving with a velocity that varys linearly along the length according 
to the relationship. 
u(x, 0) = vx 
-I'" 
/' 
The displacements at the time the valve hits the seat will be zero. 
u(x, 0) = 0 
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The boundary conditions for the motion are that u = 0 at x = 0 and x = t 
for all time. 
If the solution proposed is of the form 
u(x, t) = X (A cos pt + B sin pt) 
substitution into the wave equation as before will result in the frequency 
equation 
sin pt = 0 
a 
i.e. p = for i = 1, 2, 3, ete 
and by substitution of the initial conditions and solving in the same 
manner as before, we obtain the following expression for the spring 
displacement at a subsequent time t • 
.. 
2vt ~ 
u = 1I2a t. 
i=l,2,3 
(3.66) 
Tllt~ effective force at x = t may be calculated from the following expression 
for the product of the area, the modulus and the strain . 
2Kvt 
=--
lIa 
.. L . (-1)2 
i i=l 
i illat cos in s n --
.R. 
(3.67) 
For the normal range of valve springs with stiffnesses of the order of 
5 x 10" and fundamental natural frequencies of the order of 600 Hz, the 
response of the first term to the designed ramp velocity is quite small, 
approximately 2 Newtons for a ramp velocity of .2 m/s, which is the order 
of designed velocities for high speed running. Even with very high impact 
speeds due to bad vibration of the linkage the seating event by itself would 
not be sufficient to cause coil vibration that would be a problem. However 
previous surge developed during the lift cycle, or the effects of resonance 
may be sufficient to generate quite high surging stresses. It may be 
noted that the stress distribution for the free vibration terms above is 
such that the stress varies from a maximum to zero to the maximum again 
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as x is varied from zero to i. In the fundamental case therefore the 
stress is at a maximum at the ends of the spring and zero in the. middle. 
The higher frequencies will have zero stress pOints distributed along the 
spring the number depending on the order number of the natural frequency. 
The value of the maximum stress amplitude will decrease with the order 
number of the frequency for this free vibration. The second harmonic 
will be half the amplitude of the first, the third will be a third, etc. 
In order to try and reproduce the coil surge vibration we could 
suggest a ~umped mass model consisting of a central mass and two springs 
of twice the overall rate, as suggested· in reference 1. . This could have 
an equivalent mass adjusted to obtain the same frequency as the fundamental 
coil surge term. The response of this system to the sine wave input 
would·be described by the following equation of motion. 
M x + 4kx = 2ky sin wt 
eq 
and the natural frequency would be w =f.ik rad/s. nl'i.! 
eq 
The solution of this equation for steady state vibration will be 
x = 
y sin wt 
-----
and the force generated on the valve side will be 
.l 
2k[Y sin wt - y 
2(1 
(3.68) 
(3.69) 
(3.70) 
5 
·which for the previous case considered for a frequency ratio of 4 gives 
a magnification factor of 1.9 for the load at the valve side of the spring. 
Comparing this with the distributed parameter model we see that the 
figure of 3.92 for that response means that there is at least 50% error 
in using such a simple model.. Accordingly, although there is value in 
simplicity it is necessary to increase the lumped mass distribution to 
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obtain a more accurate response. More masses may be added to improve the 
accuracy of the simulation, and the.opportunity is taken to reproduce the 
second and. third harmonic responses to a certain degree. With the choice 
of five.or six masses to represent the distributed mass the second 
harmonic is less than 3% from the theoretical value for frequency and 
the third less than 8%. This.should be sufficient for our purpose and 
can also be used to represent each coil of the spring. The effects of 
non-linear springs may also be reproduced by either varying the stiffness 
along the model or allowing the bottom mass to 'ground' and thus reduce 
the mass and frequency and increase the stiffness. With 'any formation of 
a lumped model of this type the opportunity should be taken to match the 
stiffness characteristics of the spring exactly, then. the mass values will 
be adjusted to match the frequency obtained from experimental recordings. 
The low value of damping needs to be included and is distributed according 
tu the stiffness of the springs in the series. The complete model for 
a minimum validity simulation of this kind is illustrated in figure 3.5. 
Having established desirable characteristics for the model system the 
next section deals with basic formulation of equ'!t,ions. 
3.5 Formation of the Model Equations 
The model illustrated in figure' 3.5 shows the main features of the 
complete system that is being used as a minimal model of the valve gear 
response. The equations for this model have to be related to the cam 
system input which at this stage is' expressed as a function of time. 
Previous experience with models of this type shows that the simulation 
'does not agree with experiment if the damping in the main linkage term 
is relative to ground. The equations are thus written to include both 
a damping term for the velocity of the main mass of the valve relative to 
ground and another for the relative velocity of the,valve to the cam input 
point. The relativeveloc1ty terms are related to the number of the 
spring they are in series with. The absolute velocity terms are related 
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to the mass they are acting upon. In this case the only absolute velocity 
damping applied to the model is on the main valve mass. although the 
value generally chosen for this term is small. The seven equations of 
motion for this system would be as follows: 
d2 x(l) 
M(l) dt Z = K(2)(x(2) - x(l» - K(l) x(l) + DI(2)(dx(2) dt 
_ DT(l) dx(l) 
dt 
d 2 x(2) M(2) dt2 = K(3)(x(3) - x(2» - K(2)(x(2) - x(t» 
+ DI (3) (dx(3) _ dx(2» _ DI (2) (dx(2) _ dx(l» 
dt dt dt dt 
dX(l» 
dt 
(3.71) 
(3.72) 
d 2 x(3) 
M(3) dt2 M(6) d
2 
x(6) 
... dt2 will be as the previous equation 
but integers are advanced within the brackets by unity for each increase 
in the mass integer. 
d 2 x(7) M(7) dt2 = K(8)(C - TC - x(7» - k(7)(x(7) - x(6» 
p 
- P + K(9)(K(9) - x(7» - DE(7) x(7) 
+ DI(8)(dC _ dx(7» _ DI(7) (dx(7) _ dX(6» 
dt dt dt dt 
_ DI (9) dx(7) 
dt (3.73) 
The conditions for tappet clearance have been included in the equation 
of motion for mass M(7) by switching the value of K(8) to zero if the 
quantity (C - TC - x(7» is negative . 
. The value of the damping' factor DI (8) is also set to zero in this 
situati~n. The seating condition for the valve is obtained by using the 
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stiff spring and damper analogy for the overall seating stiffness, these 
quantities being represented by K(9) and DI(9). The initial static 
spring load P is the force that compresses the valve on the seat and so 
P 
the deflection of the seat is represented by the distance K(9) when the 
P 
. valve clears the seat complete i.e .• when (K(9) - x(7» is negative the 
stiffness and damping coefficients K(9) and DI(9) are set to zero. 
Examination of the spring equivalent mass· equations for the terms 
M(I) ~ M(6) indicates that with identical values for the stiffness and 
damping coefficients the statement of the equations could be reduced in 
length slightly by grouping the velocity and displacement terms together 
for the time dependent variable associated with the mass the equation 
relates to. However the possibility that these stiffness values might 
, 
be different for a rising rate spring makes the repetition of the terms 
worthwhile. The equations have been formed based on the assumption that 
this model represents the lumped mass version of the distributed parameter 
system that is depicted in figure 3.1. The form of the equations is 
therefore a straightforward representation of this, apart from the 
inclusion of the tappet clearance and seating conditions, plus the damping 
coefficients associated with each stiffness and the main mass. The real 
system that resembles this model most closely is the side valve arrange-
ment or the direct acting overhead cam system, where there is no rocker 
or pivoting follower to intervene and change the effective ratio of the 
cam input displacement. If suitable values of coefficients for the masses, 
springs and dampers are chosen the cam input may then be entered as a 
function of time and the solution may then be obtained ~. a digital or 
analogue computer. The choice of the method of solution is limited by 
the non-linearity of the problem and also by the associated work that is 
required with the straightforward solution. The analogue method of solution 
has· the advantage of being operator controlled in almost a real time 
situation. It is possible to assess the effects of changes to the system 
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parameters by, simply moving a control potentiometer or changing 'the input 
speed of the cam. The other advantage that the analogue possesses is 
the essentially continuous nature of the solution, so that the effects 
of previous lift events may be assessed and the relative importance of 
spring surge resonances can be quickly established. The main disadvantage 
of such techniques is the problem of feeding the cam input into the 
computer accurately and of changing the cam input to a different design. 
The digital computer may be programmed to actually produce ~ cam 
design before assessing the response with a high degree of accuracy. 
The cam .input may be tabulated in lift figures and the output will be 
available to compare with previous results. Additionally any synthesis 
techniques may be included to widen the range of the applications of the 
main program solution once it has been fully proven. 
The writer had a certain amount of experience with the solution of 
problems of this type using the digital computer and also required to 
use the facility to design cam profiles so the digital method of solution 
was the obvious choice. The method of solution of the equations of the 
system was similar to the previous work (Referenq~ 1) but an improved 
step by step integration technique was' utilised so that the errors in the 
solution could be more properly assessed. Step by step methods of 
integration have the advantage that they ,can deal very adequately with 
most types of non-linear dynamic problem but to obtain the required 
accuracy from a large number of equations the time consumed can be very 
expensive. The arguments put forward earlier in this section indicate 
that it is not necessary to produce a complex system of equations to 
model the response providing certain restrictions are adhered to. ,Since 
most of these restrictions form the essence of good design techniques 
the use of such a model will not be invalidated if it is applied to normal 
des,ign and development problems. 
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Having chosen the method of solution it is now much easier to 
establish the form in which the input parameters may be read into the 
program. As indicated above the simple model illustrated bears more 
direct comparison with direct actuation systems than with pushrod rocker 
type simulation, but if the overall stiffnesses of the linkage system may 
be represented by a spring, which need not have a constant coefficient, 
and the equivalent masses of the valve and its associated parts may be 
lumped together in a representative way, the model may also be taken to 
be a good-method of analysing the pushrod system response. At the design 
stage this could be achieved by rather time consuming calculations, with 
a little engineering experience thrown in, but in the simulations that 
have been programmed here, the criterion for producing the model has 
always been to obtain the real stiffness of the linkage system and then 
match the linkage frequency to experimental results by choosing the 
a,propriate equivalent mass for the valve. The spring mass values for 
a normal linear valve spring may be chosen to provide the correct 
fundamental frequency using measured values of spring stiffness in the 
range. of lift operation, and the uniform lumping.and linearity of these 
masses and springs which form a close coupled system enable a simple 
relationship for the mass stiffness and frequency to be determined 
(e.g. reference 23 p.391). 
The method of dealing with pushrod systems has been to transfer all 
the values for mass and stiffness and damping coefficients over to the 
cam side of the valve train. There is no particular advantage in doing 
this except that camshaft lift figures are used in their standard form 
within the program and so it is possible that during intermediate stages 
of program sorting it may be easier to compare the derivatives within 
the calculation by.comparing them with the input figures. 
Four problems now remain, to express the cam input in a sui table 
form as a function of time, rather than cam angle, to express the equations 
3.46 
in a suitable form for step by step integration methods, to obtain and 
feed in the appropriate parameters ·for the. system and obtain the solution 
in a form suitable for analysis and comparison with experimental results. 
Examination of the equation for mass M(7) above will show that we 
desire to express the lift as a function of time, but that it is also 
necessary to obtain a velocity input from the cam which is contained in 
the damping term DI(8). As it seems desirable to retain the equations 
in a form that permits immediate comparison with input data the values of 
the derivatives are kept in terms of cam angle rather than time. If the 
output is required in absolute units it is a simple matter to add a 
multiplying factor in the output format. Using the cam speed as a 
variable parameter in the input data the values of the derivatives 
dX(l) 
dt 
may be related to the angular equivalents by the following expression: 
dX(I) 
dt 
_ D X(l) • 6 (RPM) 
de 
= d 2 X(l) • 36(RPM)2 
de 2 
where RPM is the cam speed in rpm. 
(3.74) 
(3.75) 
If the equations of motion are expressed in this way it then is possible 
to read in the cam lift figures for each degree of cam rotation and use a' 
linear interpolation to directly obtain the lift and the velocity in 
terms of cam angle. This is achieved by calling in the lift figures 
before and after the desired point of start for the integration step and 
uSing Bessel's interpolation formula to the second difference level to 
calculate the value of the lift and velocity for the intermediate divisions 
of the cam angle. Since the velocity figures are not. multiplied by large 
damping coefficients this degree of accuracy should be sufficient. 
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The step by step integration method requires that the equations of 
motion'for the system are expressed as a set of first order equations 
since the solution ls obtained by estimation of the slope changes for 
the first and second derivatives as the input variable is advanced in 
small increments. The equations are therefore expressed for the seven 
mass simulation in the form of fourteen first order equations. The 
equations for the main mass is therefore expres~ed by the following two 
first order equations in their integral form 
f d X(7) X) = (7 de (3.76) 
d X(7) 
de 
= f d 2 X(7) = 
de 2 f (k(8)~C - TC - X(7» - k(7)jX(7) - X(6» - p 
p 
+ k(9)'(k(9) - X(7»)/(36.RPM2.M(7» 
f dc d X(7» + (DI (8}'(d9 - de DI (7},(d ~~7) 
d X(7) 
DI(9). de )/(6. RPM.M(7)'> 
d X(6» 
de 
(3.77) 
Similar expressions may be developed for the other masses, and the.full 
expressions for the equations of the system may be found in the program 
at the end of this section. In the program language the displacement 
and velocity are expressed as consecutive values in the single column 
YT matrix and the mass and stiffness values are denoted by the values 
of the AM and AK arrays respectively. 
The output displacement and velocity of each mass may be extracted 
from the integration routine and the appropriate values for the main mass, 
expres'sed in the equation subroutine by YT(13} and YT(14) can be directly 
printed out to provide the required information on the response of the 
equivalent valve mass. In the program as presented the values' of the 
static spring load and tappet clearance are multiplied and divided by 
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the rocker ratio respectively·to enable direct values of these quantities 
to be used as an input to the. system. The.values for the stiffness of the 
valve seat and the connecting spring between the main mass and the first 
mass in the valve spring simulation are multiplied by the square of the 
rocker ratio along with their associated damping coefficients. The system 
of equations using the standard stiffness and mass values for the valve 
side of the model is then corrected for the effects of the rocker ratio, 
and all solutions of the system response will be in terms of the cam 
side equivalent values to enable comparisons to be made with the input 
function. 
In addition to the displacement solution the velocity and acceleration 
of the mass may be required. In this version of the program they are 
expressed as functions of time on the output. The development of the 
acceleration requires a separate entry to the equation subroutine to 
d 2 X(M) 
calculate values of the slope de 2 at the tabulated points in the cam 
cycle. The compression in the linkage is calculated for each point to 
e·nable direct comparison to be made with the strain gauge readings 
obtained in experimental recordings. 
3.6 Alternative Models of the System and the Calculation of Input 
Parameters 
This simplified model of the system which is the product· of the 
arguments and analysis of the system in the earlier part of this section, 
respresents a simplification of the model from that proposed in the 
writer's previous work (reference 1). In addition to the analytical 
work a number of direct comparisons were made of the computed response 
of other models of the system to obtain a measure of the value of 
intr04ucing extra complexity into the system and consequently greater 
cost of computer time in producing a solution. 
The first comparison made was for the ten mass model introduced in 
reference 1 which provided a six mass simulation.of the valve spring 
3.49 
coils, but in addition to the main valve mass three other masses were 
used to represent the distribution 'of linkage system. These extra terms 
were the tappet or c'am follower mass, a cam side rocker equivalent mass 
and a valve side rocker equivalent mass. Values of these masses were 
,available exactly from measured data for the cam follower but the rocker 
terms were calculated only approximately from a consideration of the 
effective inertia of the rocker with an additional guessed value of the 
contributions made to the equivalent mass by the flexibility of the 
rocker supports. Overall stiffness of this simulation of the linkage 
was maintained at the measured value and the distribution of the stiffness 
adjusted to the distribution in the real system. Damping coefficients 
were distributed in the same proportions as the stiffness. It is clear 
from the approximations that have to be made that there is an inevitable 
source of error in this method of distributing the mass of the system and 
the higher natural frequencies of the model system may be considerably 
different from those in the real system. The lowest natural frequency 
may be easily checked with experimental free vibration records but 
there is no obvious method of obtaining informat~on about these higher 
terms. In fact the previous analysis of the response of the single 
mass model would predict that there .is 11 tt1e advantage in specifying 
a model of this complexity because the higher frequencies will be of 
little importance providing the cam input contains no discontinuities. 
This proved to be the case when the response of the two models was 
compared and the level of agreement with experimental measurements was 
the same for both models, as indicated by the comparison of the seven 
mass simulation result with the experimental record of push rod strain 
plotted in figure 3.6. The computed result is plotted with a continuous 
line. This calculation of the response was for the Ford 105E valve 
geQr at 2000 rpm cam speed and .175 mm clearance, measured on the valve 
side. The cam input was from measured data, and discussions of the 
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differences between measured and design data will be dealt with later in 
this section. The errors between the computed and measured response of 
the system depicted in figure 3.6 are typical of those obtained with 
the ten mass simulation in reference 1. There is a lower level of 
vibration in the computed result and slight differences between the 
phasing of the vibrations in the period between the midpoint or maximum 
lift position and the closing flank. The slight differences in phasing 
may be partially due to the effects of differences between the trmtappet 
clearance" of the real system and that measured during the test program, 
o 
since an error of only .05 mm in the clearance can result in a 5 error 
in the timing of the transient term. It is also very probable that 
the driving speed of the camshaft is not constant with the standard 
chain drive and that there is an increase in the speed of rotation as 
the torque on the camshaft changes direction at the maximum lift position. 
\/e may conclude therefore that in the circumstances the seven mass model 
provides an adequate simulation of the response. 
One other part of the simulation may be increased in accuracy by 
further subdivision and that is the valve spring .model. The suggested 
figure of six masses to represent the coils is an arbitrary one and so 
a further comparison was made of the effects of using eleven masses 
instead of six to represent the spring. As before the overall spring 
rate was maintained at the measured value for the spring and the mass 
values which were identical with each other, were adjusted to give 
agreement with the fundamental natural frequency of the spring surge, 
which was available from experimental data of free vibration records 
and tests of the forced resonant frequency of the clamped spring. 
Figure 3.7 shows the pushrod load predictions for the Ford 105E data 
at 2000 rpm and .25 mm tappet clearance. The ten mass model response 
is· plotted with a continuous' line. The fifteen mass model response with 
the further subdivision of the spring into eleven masses is represented 
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by the broken line. Although the distribution of the mass is not subj~ct 
to the same objections as the previous tests on the linkage simulation, 
since we can justify the distribution that is made, there seems to be 
very little benefit in terms of a markedly different response and the 
results show no better agreement with experimental recordings, probably 
because other factors such as drive speed and clearance variations mask 
any improvement that may have been achieved. 
It is concluded therefore that the seven maSs simulation is completely 
adequate for our purposes and has the advantage that the data for the 
model parameters is easily calculated from experimental "tests. 
Accurate values for the linkage stiffness can only be determined 
by measuring the deflections that result from the application of a static 
load to the linkage system. The load is most conveniently applied at the 
valve side of the rocker and the resulting deflections of the system 
n.ay be measured wi th a dial gauge and used to calculate the stiffness 
of the whole or individual parts of the train. The valve spring 
stiffness and static load may be obtained either from design data, which 
is usually sufficiently accurate or by compression tests in the appropriate 
range. Valve seat stiffness values must be measured using the actual 
valve in position on the seat since the valve head is a contributory 
factor in the overall stiffness. The writer has accomplished· this in a 
co.nvenient manner by dead-loading the valve using the spring retainer 
and collets to support the load with the cylinder head removed and 
mounted upside down in a suitable fixture. The deflection of the valve 
may be measured with a dial gauge at the centre of the valve head. 
Typical values for the linkage stiffness are provided by the results 
for the Ford 105E and V4 engines of 80 x 105 and 100 x 105 Nlm camside 
respectively. Valve spring stiffnesses and static load values were 
4 x 104 Nlm for both engines ·and 210 Newtons and 310 Newtons for the 
105E and V4 engines respectively. Valve seat stiffnesses were linearised 
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to the appro~imate figure of 90 x 10 6 N/m for the inlet. valves of both 
engines. 
The evaluation of the natural frequencies of the system may be 
achieved by subjecting the system to a step input and recording the 
resulting vibration with an accelerometer or strain gauged component of 
the linkage. The decrement of the resulting vibration enables an 
estimate to be made of the equivalent viscous damping factor for the 
system using the normal relationship for light damping. 
In 0 = 2 n ~ (3.78) 
where 0 is the decrement of successive amplitudes and ~ is the damping 
factor. 
'. h 
The value of linkage frequency for the Ford 105E and V4 systems w~re 
825 Hz and 850 Hz respectively, with damping factors of approximately 
.11 and .05. The frequencies of free vibration will be little different 
from the true natural frequenciAs of the system because of the relatively 
light damping present. The relationship between the natural frequencies 
and the stiffness of each system yields values f~r the equivalent masses 
~ 
in the region of .3 kg and .35 kg. The modes of the system responses in 
the linkage and spring surge terms are sufficiently uncoupled to be able 
to treat them separately. Natural frequencies for the spring were 
560 Hz and 550 Hz measured by transient response and resonance tests 
leading to point masses of .0046 kg in the six mass simulation. 
Damping coefficients could then be calculation from the damping 
factors for the systems using the relation 
D = 2 ~ w M 
n 
(3.79) 
The proportion of this damping that is external and the proportion that 
is internal and associated with relative velocity of the linkage spring 
can only be ascertained by comparing the changes that occur in the model 
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system response as the ratio is increased and checking these against 
experimental evidence. For the Ford 105E engine the best results were 
obtained by assuming that the majority of the damping was proportional 
to relative velocity and that less than ten per cent was external. The 
main change that occurs in the traces as the external damping is increased 
is that the opening and closing flank acceleration peaks in the pushrod 
load records change in magnitude, the opening flank peak getting larger, 
and the closing peak becoming smaller. Figure 3.8 illustrates the 
effect if' the proportion of external damping is increased to thirty per 
cent for the Ford 105E engine. This may be compared with the standard 
result in figure 3.6. 
The most important parameter that determines the response of the 
system is of course the cam profile itself and in the previous study the, 
design data was used as an input to the system. The possibility of 
errors occurring that might produce an inaccurate response resulted in an 
attempt to assess the effects ot this factor by measuring the cams uS9d 
to produce the experimental results in reference 1. The measurement was 
made' on the inlet cam that was used for the test. with a blade follower, 
and a standard optical dividing head to ensure an accuracy in angular 
displacement of ±3 seconds. The vernier linear displacement scale was 
accurate to .001 mm. Although great care was taken in obtaining the 
readings there were obviously some unusual experimental errors occurring 
in the measurement process'particu1ar1y on the opening flank. The lift 
figures obtained were differenced and then the second differences were 
calculated and plotted as illustrated in figure 3.9. This second 
difference plot represents the acceleration of the system and obviously 
contains at least one and possibly more significant errors. This data, 
despite the appearance of this plot was fed into the ten mass simulation 
and the results of this are compared with the response of the standard 
design figures in figure 3.10. The difference between the plots of linkage 
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load is surprisingly small and errors in the cam input function are 
clearly not contributing to any differences between the ,computed and 
measured response of the system. The measured cam input response is 
shown by the continuous line in this plot which is again at 2000 rpm cam 
speed. 
The effect of smoothing this data was assess with the aid of a small 
program to apply Spencers 21 point smoothing formula to the measured cam 
results. This data was then fed into the model system and resulted in 
the. linkage load plot in figure 3.11. The response is clearly even less 
like the experimental records for comparable conditions ·to those in 
figure 3.6, but the cam design thus produced would appear to lead to less 
vibration than the standard cam and may thus be considered to be an 
improvement. Unfortunately part of the reason for this is that the 
smoothing process has led to a cam design that has less lift and breathing 
capaci ty than the standard cam. 
The last item considered in this examination of alternative models 
of the system are the effects of the spring surge existing during the 
valve closed period.on the subsequent motion of .the valve. The failure 
to represent this term is, as mentioned earlier, one of the weaknesses 
of the step by step integration method for solving problems where the 
spring surge persists between cycles. In the case of critical speeds 
only there exists the possibility of being able to calculate the magnitude 
of the effect by summing the contributions of the previous cycles of 
operation using a formula of the type suggested by Marti (reference 16) 
and discussed in section 2. Because of the non-linearity of the system 
this method could result in an overestimate or underestimate of the true 
amplitudes of the spring surge fundamental term and there is no simple 
method for estimating the effects of the surge at non critical speeds. 
Experimental evaluations of the magnitude of the stresses due to 
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spring surge during the valve closed period .indicate that the differences 
in the magnitude of surge between critical. and adjacent non-critical 
speeds are relatively small and that th.e major factor determining the 
amplitude of the spring vibration is the speed of camshaft rotation; 
For' linear springs the vibration amplitude of the fundamental term 
increases in an approximately linear manner with speed with occasional 
departures from this relationship where critical speeds are encountered. 
The differences measured by experimental recordings of valve spring surge, 
indicate ~hat the variation from the minimum to the maximum amplitude 
in the range between adjacent critical speeds is never more than 100% 
and is generally far less than this. As the operating speed increases 
the variations become smaller due to the dominance.of the speed proportional 
term. The writer has also investigated the response of non-linear springs 
and in these there is a complete absence of any variation due to 
l'esonant effects, and the spring surge amplitude increases in an 
approximately linear manner with speed. 
One way of assessing the effects of spring surge on the system 
response is to continue the integration of the IIIO,de1 system equations 
over a consecutive series of cycles. Because of the resulting increase 
in computer time it is not practical to perform this operation for each 
and every speed in the operating range, but it is suggested that the 
results of this exercise will give an indication of the magnitudes of 
the errors incurred when only a single cycle of operation is analysed. 
A typical example of this process is illustrated in figure 3.12 for the 
Ford 105E simulation where the pushrod load variations for the first and 
fourth cycle in a consecutive integration of five cycles are compared. 
The fIrst cycle response is represented. by the continuous line. The 
speed of operation was in this case 2000 rpm cam speed and the fourth 
cycle is plotted because it represented the solution with the greatest 
amplitude of vibration. In the fifth cycle the amplitudes were reduced 
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in comparison with cycle four. The solutions showed no sign of settling 
down to a steady state value but the magnitude of the differences observed 
between the two solutions should indicate the maximum possible magnitude 
of any errors caused by ignoring the spring surge term. This result 
shows that if the effect could be significant in determining the linkage 
separation speed, since the spring load margin has been reduced by almost 
thirty percent at the worst point in the cycle. This calculation is made 
in fact at a speed almost exactly halfway between the critical speeds 
for· the sixteenth and seventeenth harmonics of the input function. 
Unfortunately the lack of a final steady state solution aoes not allow 
us to do any more than assert that the magnitudes of the spring surge 
effects prior to the event could account for the discrepancies between 
experimental and predicted results. However the very reasonable measure 
of agreement obtained for one cycle solution when compared with the 
oxperimental results leads us to conclude that the model of the system 
is satisfactory and that providing a margin of error is allowed for any 
possible extra contribution from the spring surge amplitudes a single 
cycle examination of the response is sufficient .f.or most applications. 
3.7 Solutions of the response characteristics of the Ford V4 engine 
An examination of the characteristics of the Ford V4 valve gear was 
undertaken at an early stage in this project before experimental evidence 
was available from the tests detailed later in section 7. The only 
available data available for this investigation was the design drawings 
and the results of static stiffness measurements on the linkage system. 
Mass values of the components were also available. The Ford Motor 
Company were experiencing problems in service with valve head breakage 
and it was presumed that this was due to extremely high valve bounce 
amplitudes with the standard spring and camshaft. 
Examination of the data· indicated that the valve and rocker equivalent 
masses were slightly lower than the corresponding figures for the 
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Ford 105E components and the stiffness of the linkage system was 
considerably higher, so this data was used to form the model simulation 
for the system. Equivalent mass .27 kg, linkage stiffness"lOO x 105 N/m, 
from measured data, and a linear damping factor of .1 was assumed in the 
absence of further information, since this was the approximate value of 
the damping factors in previous transient response tests on the Ford 
105E and l16E engines. A parttcular "speed of operation of 5500 rpm 
engine speed" was chosen for examination because of the suggestion from 
the" company that this was a particularly bad point in the running range 
for noise and harshness. Two alternative springs were available, the 
B type which had a fairly low surge frequency in the region of 460 Hz, 
and the D spring with a fundamental surge frequency of 550 Hz. These 
frequency relations correspond approximately to the tenth and twelth 
harmonics of the cam input function at the desired running speed of 
5500 rpm engine speed. The D spring also had a higher static load but 
slightly lower spring rate than the B spring. 
These two configurations were tested on the model system and it was 
discovered that both resulted in a predicted sep-aration of the linkage 
at the running speed of 5500 rpm with the standard tappet" clearance. 
There was a marginal difference in favour of the D spring design which 
had a separation period of approximately four degrees camshaft angle whilst 
the B spring resulted in two periods of separation of the same order of 
time." The 'D' spring also resulted in a reduction of the amplitude of 
the first valve bounce of about 30% in comparison with the B spring 
result. Because of doubts expressed by the company engineers that the 
system was separating at this speed and the suggestion that the rocker 
configuration might result in an increased damping factor, the coefficient 
of damping for the linkage system was doubled and the results compared 
for the two springs and for a new camshaft design with the 'D'. spring. 
Again the tests indicated that the vibration amplitudes generated with 
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the 'D' spring were slightly less than with the 'B' spring and the valve 
bounce amplitudes were also reduced. Figure 3.13 plots the linkage load 
response of the 'D' spring with the standard camshaft for the first and 
fourth cycle of five consecutive cycles. The first cycle is represented 
by the continuous line in the plot. This may be compared with the 
solution for the alternative camshaft which had a slightly greater period 
of lift and a much lower flank acceleration than the standard camshaft 
profile. The lower vibration levels shown in the plot of the new camshaft 
design in' figure 3.14 and the lack of the separation of the linkage that 
occurs with the old camshaft as it meets the closing ramp indicate the 
superiority of the new cam profile. Subsequent tests in service confirmed 
these findings and the change to the 'D' spring and new cam profile for 
standard production fitment resulted in considerably less failures of 
valve mechanisms reported back to the company. 
The later experimental measurements indicated that the excess 
damping in the system was not linear but coulomb type friction, which 
1hvalidates these results on a strict accuracy basis, and the equivalent 
mass of the valve was also considerably in erro~., This account however 
does illustrate the point that comparisons of designs may be made, and 
they may be placed in order of merit, by models which do not completely 
reproduce the true system response, and thus shows that model simulations 
have a valid contribution to make at the design stage. Figure 3.13 is 
also of interest because it represents the consecutive solution of a 
number of cycles of cam rotation at a critical speed corresponding to 
the 12th harmonic for the 'D' spring. Although the effects on the 
vibration are proportionately larger at this higher speed than in the 
corresponding case for the Ford 105E simulation plotted in figure 3.12, 
the fourth cycle gave rise to larger amplitudes of vibration than the 
subsequent cycle suggesting that this might also set some kind of limit 
to the possible effects of spring surge on the response at this critical 
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speed. 
Subsequent tests on the trans~ent response of the Ford V4 valve gear 
enabled the correct evaluations to be made of the equivalent mass, 
natural frequency and linear damping factor for the system. These tests 
also disclosed the existence of a high component of coulomb friction 
proportional to the load on the system,' In order to obtain a better 
match of the computed and experimental response characteristics it was 
necessary to include these factors in the analysis. It is of course a 
simple matter to change the equivalent mass and linear damping coefficients 
but the introduction of the coulomb friction term does represent a 
problem. In the analysis of the validity of the single degree of freedom 
system earlier in this section it is shown that the introduction of step 
displacement or velocity terms to the input results in errors in the 
response, because of the failure to represent the high frequency components 
in the transient terms. The effect of the coulomb friction term is to 
introduce this kind of step into the system since it effectively results 
in an instantaneous change in force on the linkage. It would be expected 
therefore that it is more difficult to obtain re.a,sonable agreement between 
the model and real system if the latter contains a significant component 
of coulomb friction. The effect will be to emphasize the errors that 
already occur in the period that the valve is lifted from its seat and 
set down again, and also to introduce errors in the response when the 
friction force changes sign at the'maximum lift pOint. In view of the 
importance of this in its effects on the response of the system the term 
was included to see how significant these errors were. 
Calculations from the slow speed experimental measurements indicated 
that the coefficient of friction was approximately .2 for this system 
The effect may be created in the model equations of motion, by introducing 
an ,extra force acting on the'valve equivalent mass which has a magnitude 
of .2 times the linkage load at that point in the cycle. The sign of 
this force was changed by switching the friction coefficient to a 
negative value when the velocity of the valve mass became negative. 
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Using the other established values for the system of .35 kg for the valve 
equivalent mass, 100 x 105 N/m for the linkage stiffness and a damping 
factor of .05 for the linear relative velocity term, all of the~e obtained 
from experimental recordings, the'plot of the linkage load for 2000 rpm 
cam speed was obtained as depicted in figure 3.15. This plot was'for the 
'D' spring with the standard inlet cam profile at .23 mm clearance and 
this corresponds with experimental measurements of the same condition 
in section 7. Although this reproduces some of the major characteristics 
of the system such as the high levels of vibration immediately after the 
opening flank and the lower levels after the maximum lift point, the major 
feature that is missing in the experimental result is the normal peak 
before the flank due to the opening ramp impact. This appears to suggest 
that either the clearance measurements made in the experimen.al, tests 
were incorrect or that the model is not completely simulating the effects 
of the linkage system response to this impact. If the experimental 
record for the .05 mm clearance condition is examined at the same speed 
although there is evidence of the ramp impact before the flank period, 
there is no subsequent trough due to the vibration of the linkage but a 
load which is approximately constant until the flank acceleration takes 
over. It was concluded that there were probably errors in the measurements 
of all the clearance values, perhaps due to the imprecise location of the 
rocker assembly. Another fault in the response of the model system was 
the much lower average value of the load over the negative control 
acceleration period at higher speeds where the model suggests that the 
system separates well before 2750 rpm cam speed. Trials were made with 
increased values of damping and changes to the friction coefficient to 
try and reproduce the measured response. The clearance was also increased 
to a value of .37 mm to correct for the assumed error in the experimentally 
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measured clearance values. Figures 3.16 and 3.17 show the result at 
2750 rpm with the relative velocity damping increased by 50% for two 
values of the friction coefficient .2 and .1 respectively. Although 
there is some similarity between these calculated responses and the 
experimental result for the nominal .23 mm clearance at the same speed, 
the level of vibration is higher in the model systems and the spring 
load margin immediately after the opening flank is lower,particularly 
for the first trough in figure 3.16. 
When,this same data is used to produce a computed result for the 
lower speed case of 2000 rpm with a friction coefficient, of .1', the 
vibration levels are much lower than in the experimental result as 
indicated by the plot of computed linkage load in figure 3.18. 
It is concluded that the introduction of coulomb friction into the 
system model, although reproducing some of the effects observed 
experimentally, does not result in a completely accurate representation 
of the system response with the seven mass simulation. Part of the 
reason for this is the lack of accuracy caused by the invalidation of 
the single lumped mass model o'f the linkage response, but the expectation 
is that the inclusion of more masses in the linkage simulation would 
tend to increase rather than reduce the level of vibration. This is 
the opposite of the effect that is required to improve the agreement 
between the predicted and measured results. Another explanation that 
was considered was the possible interaction between the relatively 
heavy cam follower in this system and the effects of the friction term 
which might account for the lack of separation effects in the experimental 
recordings. Inclusion of the tappet mass in the simulation did not 
result in an increase in the measured linkage load however and the 
vibration levels predicted were the same or slightly larger than the 
se1(en mass system predf.ctions. 
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The reasons for the variations between the measured and predicted 
results remain unsolved but a possible explanation lies in the effect of 
the friction component on the bending behaviour of the rocker mounting 
stud, which could lead to variations in stiffness as the load changes. 
Measurements of the static stiffness contributions of the separate parts 
of the linkage indicated that the bending of this stud was extremely 
non-linear and that 'stick-slip' conditions existed, which resulted in 
sudden changes in the measured stiffness of the whole system as loads 
were applied. No definite pattern was observed in this behaviour and 
there existed large variations between the individual assemblies tested, 
which presumably depended on the surface conditions and accuracy of the 
rockers and pivots. It appears that these factors are the main reasons 
for the variations from the expected behaviour and it is concluded that 
the behaviour of systems with stud mounted rockers of this type leads 
to greater errors in model simulations than systems using conventional 
shaft mounted assemblies. 
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SECTION 4 
FORMATION OF CAM PROFILES BY NUMERICAL POLYNOMIALS 
.4.1 Considerations leading to the choice of polynomials for Cam Lift 
Functions 
4.1 
One of the problems involved in the purely numerical solution of 
vibration responses of the cam system is that the method does not· naturally 
give rise to an analytical technique that can be used to assess the 
optimum profile for a particular set of requirements. The result is, 
that the present rules of thumb for cam profile design depend on either 
the assumption of a purely single degree of freedom linear analysis or 
the more general rule of limiting maximum input accelerations and avoiding 
discontinuities in the lower derivatives of the designed motion. The 
previous section examined in· some detail the conditions under which the 
single degree of freedom system departs from the response characteristics 
of a distributed parameter syst~m in an idealised situation. In general 
it may be said that the single degree of freedom system is relatively 
insensitive to the effects of discontinuities i~ the derivatives of 
the input displacement above the first order. A distributed parameter 
or multimass~stem will be affected by discontinuities in the profile 
derivatives, to an order twice as high as the number of degrees of 
freedom required to describe the system successfully (see reference 38). 
The spring loaded cam system may be said to be in the middle of these 
two divisions since it has been demonstrated that the response of the 
primary linkage term may be relatively successfully reproduced with a 
single degree of freedom analysis but the· spring responds very much in 
the manner of a distributed parameter system. Since we are primarily 
interested in limiting the separation of the linkage and the bounce of 
the valve on its seat in automotive valve gear systems, it is likely 
that the cam profile must be designed to retain the best characteristics 
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in response of both the linkage and the spring systems. The, analysis 
of designers such as Neklutin (references 10, 11) was primarily aimed, 
at the limitation of residual vibrations resulting from the primary 
response of the linkage, whereas the techniques adopted by Hussman 
(reference 14) to limit the harmonic content of the contour must be 
considered an attempt to deal mainly with ,the spring response. 
The solution of Neklutin's analysis, the 'modified trapezoidal form' 
for the cam acceleration curve is a particularly striking case of a 
profile t~at has inherently good characteristics as far as the overall 
limitation of vibration levels is concerned, but only if, the system may 
be truly represented by a single degree of freedom system, and if the 
frequency ratio of the input profile and the linkage natural frequency 
is kept below a certain value. The examination of the most' important 
segment of the modified trapezoidal cam form shows that the function 
representing the lift over this section is of the type: 
c1 = y(t - sin wt) (4.1) 
The response of any linear system to this type of input must be the 
sum of the responses of the individual terms yt ~nd y sin wt. The use 
of residual vibration calculations for this type of input is clearly 
dependent on the adequacy of the single degree of freedom model for the 
representation of the responses of the individual components of the 
input. As indicated earlier in section 3, the use of a ramp function 
cannot be allowed if the adequacy of the single degree of freedom model 
is to be safeguarded within a certain order of accuracy. For systems 
which possess mass ratios greater than those being considered as applic-
able to automotive valve gear, which was almost certainly the case with 
Neklutin's type of mechanism, the residual vibration levels must be 
considered to only approximate very roughly to the responses calculated 
in his analysis. It is therefore a reasonable assumption to make that 
the relative orders of the profiles that were compared by his analysis 
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throughout the frequency range may in some cases be reversed when the 
higher modes of response are considered. Jacobson and Ayre (page 183 
reference 23) consider a similar problem of a dwell rise dwell fall dwell 
motion using a ramp function, a versed sine, and a cycloidal front form 
for the input. The differences in the residual vibration amplitudes 
only vary approximately between 7% and 17% in these cases, where the dwell 
period at maximum lift is equal to half the total lift period and the 
ratio of the period of the natural frequency of the system to the total 
event is between 2 and 1. These differences are less than those 
tabulated in section 3 for the errors possible when a ramp function 
acts upon a system with a relatively low value of mass ratio. The ratio 
of the period of the natural frequency of the system to the total event 
will also bring about a more complex relationship between the different 
types of input when the higher natural frequencies of the real system 
are being considered. As indicated in section 3 the higher natural 
frequencies will be at ratios of the fundamental frequency dependent on 
the mass ratio of the system being considered. If these ratios are even 
whole integers then there is the possibility of totally reducing the 
residual vibration to zero at certain speeds of operation. With more 
general systems however, .and at other speeds of operation the residual 
vibration amplitudes will be more difficult to predict except· for fairly 
simple inputs. 
Control of the residual amplitudes is not the only factor however, 
since the behaviour of the linkage during the actual event is also of 
interest. Reduction in residual amplitudes will only produce a minimal 
bounce of the valve at the end of the event, but functions for valve 
lift are possible which produce zero residual amplitudes at certain 
speeds,but extremely large vibration of the linkage during the motion, 
suf·ficient to cause separation unless extremely high spring loads are 
applied to the system. Polynomial forms for the cam profile have the 
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advantage that it is possible to introduce a motion that has no transient 
term at the beginning, and simi1ar1Y,by suitable choice of the coefficients. 
the residual term can be made to equal zero for a single degree of freedom 
system, using the po1ydyne approach to cam design. This class of functions 
will be discussed in the next section. For a more general polynomial 
function the transient term at the start of the motion can be reduced by 
choosing a higher group of powers to define the displacement of the cam 
input. For any single term in the polynomial input the transient term 
due. to the start of the motion is proportional to the factorial of the 
order and inversely proportional to the natural frequency of the system 
raised to the same order. These are in fact extensions of the solutions 
obtained for the step and ramp velocity inputs described in section 3 
for the undamped single degree of freedom system for linkage vibration. 
As an example consider the case of the part an input defined by the 
function: At, applied to a system of natural frequency p. 
The solution to this input is: 
4.3.t2 4.3.2.1) 
pZ + p4 (4.2) 
At t = 0 the transient term amplitude B is defined by the last term in 
the bracket. 
(4.3) 
where .the transient = B cos pt. 
For most automotive systems the value of p for the linkage natural 
frequency is in the order of 5000 rad/s. The transient term may clearly 
be seen to be extremely small even for an input of the fourth power. 
Providing the steady state solution for the motion is one that creates 
minimal amplitudes of relative vibration of the linkage .the motion would 
be expected to obtain satisfactory control of the system during the lift. 
The coefficients of the full expression for the motion would have to be 
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kept within reasonable limits of course, and this may be done by limiting 
the absolute order of the· total expression as indicated later in this 
section. 
In order to control the amplitudes of vibration during the motion it 
is necessary to have some means of choosing a function that will minimise 
the compressions and extension of the linkage over the operating period. 
Since the undamped single degree of freedom system has the relationship 
(4.4) 
where ct is the cam lift function and DL is the resulting displacement of 
d2XL 
the mass. It is clear that the acceleration ~ is required to be 
minimised over the event length. Using a similar approach to obtain 
output motion profiles, Dudley (reference 4, 20) pointed out that the 
minimum value for the integral of the square of the acceleration term 
over the event length was obtained using a polynomial of third order for 
the output motion. However it has already been established that the 
results of step inputs and ramp velocity inputs to the system are such 
as to invalidate the accuracy of the single degree of freedom model 
because of the· increased response of the higher natural frequencies. The 
use of the cubic function input will produce a cubic output function but 
the exclusion of the constant and velocity term will reduce it to a 
function consisting of a cubed and squared term only to represent the 
input. This does not give enough control of the motion to specify the 
acceleration at any point, if the displacement and velocity are to be 
specified as well. The effect of the square term is to start the 
motion with a sudden acceleration, which may also be considered to be 
undesirable particularly if high values of damping are present in the 
system, since at t = 0 the transient terms caused by this will interfere 
with the smooth running of the system. Accordingly we require to add 
more terms to the polynomial series in order to ·satisfy the requirements 
for control over the acceleration profile of the input, and.to match 
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these characteristics to the spring load available over the negative 
acceleration period, and this leads. us to specify a polynomial of higher 
degree, starting with a cubic term. The minimisation of the accelerations 
of the system is now not absolute, but may be kept to a reasonable level 
by limiting the number of terms in the polynomial. This may be achieved 
by either using a reduced number of terms to specify the motion in a 
number of divisions· of the lift event or more terms to describe the 
motion over the whole event length. Effectively however the subdivision 
of the lift event is simply ~rading off' a minimisation of the variations 
of the accelerations of the forced response against the effects of the 
transient terms that will be generated at the end of each division. It 
is therefore considered more acceptable to specify the cam profile by 
one function over the whole period. 
There are several methods of choosing a polynomial function to obtain 
required types of motion over a desired event length. Basically there 
are two alternative methods of approaching a solution, one of specifying 
groups of powers that will produce certain types of solution that are 
acceptable and the other of specifying the boundary con'di tions of the 
desired motion and allowing these to form the polynomial. The first 
method as used by Dudley (reference 4, 20) for the motion curve of his 
polydyne type cam profiles has a number of disadvantages when'applied to 
direct cam profile calculations. It is necessary to specify very high 
powers to obtain suitable area factors with low accelerations and the 
resulting solution of the valve motion will also contain high powers and 
therefore high acceleration integrals and high frequency variations of 
the accelerations due to the forced response of the linkage. More 
general series of powers can be used for the matching polynomial and the 
coefficients may be obtained in the normal way from specified boundary 
conditions. A more attractive method however is that suggested by 
Johnson (reference 38) for dwell rise dwell motions, using the boundary 
4.7 
conditions to form a divided difference table and interpolating the 
resultant solution of the polynomial motion direct. The polynomial 
thus formed does not have to be derived directly. since the lift velocity 
acceleration etc. are all available to a high order of accuracy and if 
the powers and coefficients in use are very large this is probably the 
most advantageous method of achieving an accurate result. For step by 
step methods of solution of the response of a system to this input this 
method of design is ideally suited and only has disadvantages when the 
requirement is to derive the complete polynomial for analytical work. 
It was thus decided to explore the possibilities of this method and 
obtain an assessment of any practical advantages and disadvantages when 
applied to the kind of motions required in automotive valve gear. 
4.2 Description of the Numerical Polynomial Method 
The method depends on the use of Newtons Divided difference formula 
and in order to describe the application a divided difference table of 
a function is formed as below for a function f(X) evaluated at pOints 
TABLE 4.1 
DIVIDED DIFFERENCE TABLE FOR A GENERAL FUNCTION 
--
Xo f(XO) 
f[XO. xd 
Xl f(Xl) f[XO. Xl. X2] 
f[Xp X21 
X2 f(X2) 
X is tbe cam angle variable. f(X) is the lift of the cam or valve and 
f[XO. Xl] is the first divided difference where 
= f(X,) - f(Xo) 
Xl - Xo 
(4.5) 
4.8 
and the second divided difference 
(4.6) 
the k'th divided difference 
X1 = _f '-[ X-,-l __ --.X~k 1"':.--.-..-:f-,,[ X-,o,--' ._. _ •. _X...;.k:....--'=...1] 
k XI< - Xo (4.7) 
As the difference in the argument X approaches zero the divided difference 
approaches the derivative of that order divided by that order factorial. 
TABLE 4.2 
TABLE OF DIVIDED DIFFERENCES AS THE INCREMENT TENDS TO ZERO 
Xo = Xo f(XO) 
f' (X o) 
11 
Xl .. Xo f(XO) 
f' (Xo) 
11 
X2 .. Xo f(XO) 
f·(Xo)· 
11 
X3" Xo f(XO) 
Generally it is true that 
d" f(XO) 
[ 1 dX" f Xo Xl..... X = -==---:--n n! 
fU(Xol 
21 
f'" (Xol 
31 
fU (Xo) 
21 
.. 
if Xl X2 •••.• X = Xo n 
(4.8) 
We may evaluate f(X) numerically from Newtons Fundamental Interpolation 
Formula for divided differences 
This is true for any value of X within the interval Xo - X . 
n 
(4.9) 
4.9, 
Turning back to the previous remark about the differences approaching 
the derivative of that order divided by the factorial of ,the order it 
may be seen that using the desired lift velocity acceleration jerk etc., 
which corresponds to the function and its first three derivatives,the 
first part of a divided difference table can be formed from the starting 
conditions of motion. When the table is completed with internal controls 
and end conditions and the missing differences (those not divided by zero) 
inserted,the value of the functions can be calculated at any point using 
the, interpolation formula previously' given. 
A typical table at the start of a motion function is reproduced here. 
TABLE 4.3 
TABLE OF THE START OF A FUNCTION DESCRIPTION 
SHOWING TilE TRANSITION FROM DERIVATIVES TO DIVIDED DIFFERENCES 
Ixo f(XO) 
f' (XO) 
Xo f(XO) fn (Xo) 2! .. 
f' (XO) f[XO Xo Xo Xd 
Xo f(XO) f[XO Xo xd f[xo Xa XJ] - f"(Xa)/2! Xl - X 
f[Xo xd f[Xa! xd - f' (XQ~ Xl - Xo 
Xl f(Xl) f(X]) - f(Xa) Xl - Xo 
This table shows three constraints for the start of the motion which 
ends initially at Xl with a constraint on the value of f(Xl)' In order 
to form the table the function should be tabulated around each boundary 
condition point as many times as there are orders of derivatives to 
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describe the motion. Therefore for three conditions, the lift velocity 
and acceleration at the point Xo th~ table contains three entries of the 
function at Xo two entries of the first derivative and one entry of the 
third derivative, all expressed as divided differences. The end condition 
of the motion f(XI) at Xl enables the remaining divided differences to 
be filled in as indicated above. For a typical cam design problem the 
boundary conditions may be defined as follows. Displacement, velocity, 
and acceleration defined in mm's, mm/deg, mm/deg2, etc. 
X,= 00 f(X) = 0 f'(X) = ,01 f"(X) = 0 
X = 600 f(X) = 5.0 f'(X) = 0 f"(X) = .005 
X = 1200 f(X) = 0 f'(X) = -.01 f"(X) = 0 
The velocity at the start and end of the motion has been set to match 
the ramp velocity. The total cam profile will then be the sum of the 
(erived motion and the ramp height. Although it would be possible to 
define the ramp motion using the total polynomial expression, this would 
require more terms and would probably 'restrict our choice of ramp design, 
so that the long constant velocity ramp which is.s popular choice would 
be difficult to achieve by modifying the boundary conditions. It is 
also a fact that the more derivatives that are set to zero at the start 
and end of the motion, the more the motion is skewed towards the midpoint 
or maximum lift position, thus wasting the drive time, increasing 
acce1erations and decreasing the area factor of the motion. Since the 
cam profile is designed to run with a clearance, the dynamic advantages 
of maintaining a continuous function at this point are rendered 
inoperative. 
The table following (table 4.4) shows the first few columns of the 
calculations for the divided difference table defined by the problem 
described by the boundary conditions above. 
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TABLE 4.4 
TABLE OF LOWER ORDER DERIVATIVES, OF MOTION AND DIVIDED DIFFERENCES 
FOR CAM PROBLEM DEFINED ABOVE 
X £(X) f(X) fU (X) f[XO Xl X2 X3] f[XO Xl X2 X3 x,J 
or L2 etc. etc. 
r[XO Xl] or 
f[xO Xl X2I 
Xl = 00 0 
.01 
X2'= 00 0 0 
.01 ~5[60 + .01') 602 
X3.= 00 0 
5/60 - .01 5[60 + .02 
60 60 3 
5/60 10/60 + .01 602 
0 5.0 0 - 5/60 .14 - 5~60 X" = 60 60 60 
0 .150 - 5/60 602 
0 5.0 .005 
(.3 + 10/60) 
Xs = 60 - 60 3 2 
0 
-
(.15 - 5/60) 
602 
i6 D 600 5.0 
_ 5[60 .16 - 10/60 
60 60'----
-5/60 + (.01 - 5/60) 602 
X7 = 1200 0 
(.01 - 5/60) 
- 60 
-.01 
Xe = 120
0 0 0 
-.01 
X9 = 1200 0 
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o To evaluate the function at any point, say 30 the interpolation formula 
may be applied: 
(4.10) 
Only the first term in each column is required to calculate the value, 
hence 
f(30) = 0 + 30 (.01) + 0 + 303(5/6~02 .01) - 304 (5/606~3·02) etc .••• 
(4.11) 
The derivatives of the motion may be obtained by differentiating the 
Interpolat ion Formula repeatedly to obtain expressions of f' (X) fn (X) 
This is in practice a fairly complex exercise to perform on a 
computer since either the factors have to be grouped together multiplied 
to form a polynomial with fairly complex coefficients and then differentiated, 
or a tabular method has to be used, differentiating by parts as the 
factors are formed. In this case the factors were tabulated in the final 
computer program and differentiated by parts as illustrated below. 
The expression for interpolation procedures is: 
(4.12) 
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Differentiation produces this result. 
f' (X) = 0 + 1 . fIxo xd + {I. (X - Xl) + (X - Xo) .1} f[XO Xl X2] 
+[{l.(X - Xl) + (X - XO).l}.(X - X2) + (X - Xo)(X - Xl)]f[XO Xl X2 X3] 
+ [[{l. (X - Xl) + (X - Xo) .1}. (X - X2) + (X - Xl)(X - X3)] 
.(X - X3) + eX - Xo)(X - Xl)(X - X2)] • fIxo Xl X2 X3 X4J 
(4.13) 
In the above expression, by splitting the factors at the. last ·term before 
the divided difference it can be seen that each term containing the 
multiplying factor of the previous term times (X - X2) or (X - X3) etc., 
plus the simple multiple (X - XO)(X - X2)(X - X3) to whichever order 
is appropriate. 
Further differentiation produces similar relationships between the 
terms, gaining in. complexity as the order of derivatives required 
increases. These may be summarised in the table reproduced here 
(see Table 4.5). The arrows indicate the crossmultiplication of terms 
in the table that is used to produce the next term. The columns of the 
matrix represent the terms in order which multiply the divided differences 
as given in the divided difference matrix. Thus the first column of the 
Z matrix times the first row of the f matrix produces Newtons divided 
difference interpolation formula in the form below. 
f(X) = Z(l,l) • f(XO] + Z(2,l) • f[XO Xl] + Z(3,l) . f[XO Xl X2} etc. 
(4.14) 
Similarly the differential expression is obtained by 
f'(X) = Z(l,2) .f[XoJ + Z(2,2) .f[XO xt} + Z(3,2) . f[XO Xl X2] + 
(4.15) 
TABLE 4.5 - TERM TABULATION FOR DIFFERENTIATED INTERPOLATION 
1 0 0 0 
Z (1,1) Z(l,2)_ Z(l,3)_ 
, 
(X - Xo) ~ 
'" '" x 1 + (X - Xo) x x 2 + (X - Xo) x x 3 + Z(2.1) Z(2.2)- Z(2,3)_ 
(X - Xo) (X - Xl) 
."" '" 
"'-
x 1 + (X - Xl) x x 2 + (X - Xl) x x 3 + 
Z(3,l) Z(3,2)- Z(3,3?-, 
(X - XO)(X - Xl) (X - X2) 
"" 
'\ 'i 
x 1 + (X - X2) x x 2 + (X - X2 ) x x 3 + 
Z( 4,1) Z(4,2)- Z(4,3)~ 
(X - XO)(X - Xl)(X - X2)(X - Xg) 
"" 
"'-
'" x 1 + (X - Xg) x x 2 + (X - Xg) x x 3 + 
Z(5,l) Z(5,2)- Z(5,3)-
(X - XO) (X - Xl) (X - X2)(X - Xg) (X - X4 ) 
"" 
'" '" x 1 + (X - X4) x x 2 + (X - X4 ) x x 3 + 
Z(6,l) Z(6,2)- Z(6,3)..., 
(X - XO)(X - XI)(X - X2)(X - Xg) (X - X4 )(X - Xs"" "- ~ 
x 1 + (X - Xs) x x 2 + (X - XS) x· x 3 + 
Z(7,l) Z(7,2) Z(7,3) 
0 
Z(l,4)_ 
'\ 
(X - Xo) x x 4 + 
Z(2,4)..., 
~ 
(X - Xl) x x 4 + 
Z(3,4)-, 
'i 
(X - X2 ) x x 4 + 
Z(4,4)-
"-
(X - Xg) x x 4 + 
Z(5,4)-
"-
(X - X4 ) x x 4 + 
Z(6,4)-, 
"l 
(X - XS) x x 4 + 
Z(7,4) 
Z(l,5)_ 
(X - Xo) x 
Z(2,5)_ 
(X - Xl) x 
Z(3,5)-, 
I 
(X - X2 ) x 
Z(4,5)-
(X - Xg) x 
Z(5,5)_ 
(X - X4 ) x 
Z(6,5)-, 
I 
(X - XS) x 
Z(7,5) 
... 
... 
... 
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These may be compared with the expressions previously derived. The 
process is easily reproduced in the, computer with simple loop procedures 
and is in fact performed as the cam curve is calculated, since the process 
has to be repeated for each point on the cam curve. This is however no 
slower than the method of multiplying out the terms to 'obtain the 
polynomial and may in fact be quicker. 
It will be apparent that the procedure produces a polynomial one 
order below the number of boundary conditions that define it, and that 
all,the derivatives may be derived easily if required. For cam design 
profiles it is not necessary to derive more than the basic displacement 
profile and the first second and third derivatives at most, but if the 
same procedure is used to produce motions to define polydyne type cam 
designs or extensions of this technique such as those suggested by 
Johnson (reference 38), where high derivatives of the motion are required, 
this extension is easily achieved, since the terms only need to be 
selected from the matrix already in store. 
4.3 Programming Polynomial Cam Designs 
The basic characteristics that have been us~d to produce the polynomials 
used in the cam design procedures and valve motions that are used in the 
polydyne and multipolydyne designs have been described in the previous 
subsection. In order to put this procedure in' a useful form for a cam 
design program that can be successfully used by the uninitiated, the 
input procedure has been simplified as much as possible without losing 
too much of the generality of the program. 
The program titled B.126 and reproduced at the end of this section, 
takes in the information for forming the cam lift curve in groups of data 
for the values of the derivatives at each value of cam angle where 
boundary conditions are set. 
The input data required .1s in order of appearance: 
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NO = number of cams to be design~.A free format integer which 
allows complete sets of data to be read in to design several 
cams in one run. 
M = number of points in cam curve at which boundary conditions 
are specified. A free format integer. 
W(I), N(I) = The cam angle of each boundary condition specified 
and the accompanying number of conditions at that point. 
W(I) is a free format fixed point number and N(I) a free format 
"integer. 
The boundary conditions of lift velocity acceleration etc., at each 
point are then read into the A(I,J) matrix in order and in the groups 
that have been specified by the angle of each boundary condition. 
No other data is required. 
A brief commentary through the program shows the method by which 
the various matrix operations are performed as follows. 
Line 
03 
Program Commentary B.126 
Space is reserved by the Dimension Statement to allow solution 
of a 40 x 40 matrix of divided differences which gives enough 
room for forty boundary conditions to be specified and forty 
derivatives to be obtained, if necessary. 
05 NO - the number of cams required 
06 Output data headings are printed 
09 M = the number of points in cam curve at which boundary conditions 
are specified 
11 W(I), N(I) = the angle and number of each group of boundary 
conditions 
18 A(I,J) = the lift velocity acceleration etc., in each group of 
boundary conditipns are read in 
24 A(I,J) is printed out with its order and the cam angle at which 
it is applied 
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25 The derivatives are divided by the factorial of their order, 
to be entered in the divided difference table. 
26 The X matrix is equated to the cam angle at each point applying 
to the A matrix derivatives. 
42 Repeated values in the A matrix are put in their positions. 
44 The divided differences in the remainder of the matrix are 
put in position. 
53 The period P is defined by the start and end of the motion 
"controls. 
55 An area factor is estimated by integrating the" lift values each 
degree and dividing by the area of a rectangle, with a height 
equal to the maximum cam lift and a length equal to the carn 
period. A high value of the area factor is a measure of the 
breathing capacity of a particular profile. Here the AREA is 
set to zero for the start of the integration procedure as the 
cam profile is developed. 
57 The Titles for the output data of lift velocity etc. are printed 
out. 
" " 
60 This loop progresses the program through each degree of'the 
cam angle printing out the results as they are calculated. 
62 This loop starts the process forming the terms of the Z matrix 
which forms the interpolation formulae terms. 
75 The lift C(J) and velocity etc. are calculated with this loop. 
83 Print out of the angle and derivative is performed. 
84 The area is obtained by integrating each step. 
87 The area factor is calculated. 
On completion of the loop to the last point the program is halted 
for a single run or started again with new boundary conditions 
and the new profile is calculated. The program is halted after 
the prescribed number of designs are complete. 
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A typical print out of a single profile is reproduced without the 
calculated terms in the A matrix, that have been included' in the 
program print out normally to check if there is any loss of accuracy in 
the higher terms. However the error at the end of the event where zero 
terms are specified is 'normally of the order of .5 x 10-10 ,or less. 
4.4 Results of the Application of Numerical Interpolation Procedures 
for Cam Profiles 
In this application of the numerical calculation of polynomials 
the ,chosen design for comparison was based on the cam profile of the 
Ford 105 E engine. The acceleration curve is reproduced'for this cam 
in figure 4.1. It is based on a displaced cosine wave for the first ten 
and a half degrees of motion, a larger amplitude cosine wave to reduce 
the acceleration well into the negative acceleration era with a total 
period of action of thirteen degrees, and a one degree section that matches 
the latter period to a section of a cosine wave that describes the rest 
of the negative acceleration period. This cam was designed with a constant 
velocity ramp of .25 mm total displacement and a velocity of .01 mm/deg. 
For the basis of comparison,changes to the boundary conditions and some 
internal motion controls were exercised but all the cams were designed to 
reproduce the same starting conditions for lift velocity and acceleration, 
to match with the same ramp and to have the same total lift of 4.7 mm 
and the same value of negative acceleration at the maximum lift position 
of 4.4 x 10-3 mm/deg2 • The profile of the original cam was symmetrical 
and this symmetry was retained in all the versions of the polynomial 
profiles so boundary conditions are only specified for the half event, 
with the assumption that veloci~y values in the second half period and 
jerk or third derivative controls are all negative values of those 
specified for the first half period. The displacement and even 
derivatives will all be the same as those imposed in the first half 
period for the corresponding interval measured from the cam nose or 
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maximum lift position. The total event length for all these motions 
o 
was set to 120 of cam rotation which was th~ nearest and most convenient 
whole integer value to the original event length. The purpose of this 
exercise was to gauge the type of motion controls necessary to reproduce 
a polynomial function version of an existing cam profile and to gain 
experience in the use of these controls to put to use in the more 
difficult problem of producing output motions for multimass simulations, 
with their need for a better control of the higher derivatives. In all 
cases the· comparison is based simply on the shape of the acceleration 
function that results, since this is the major influence· on the motion, 
and the desire is to obtain a smooth function that has adequate breathing 
capacity, no requirement for extra accelerations, either negative or 
positive, and it will then be hoped that this will result in a smoother 
output response. 
The first trial was based on setting the conditions for the motion at 
00 and 1200 of .25 mm lift, .01 mm/deg velocity and zero acceleration. 
At 600 the maximum lift was set to 4.7 mm, the velocity to zero and the 
acceleration to 44 x 10-4 mm/deg2 . The acceler~tion and velocity of the 
resulting profile are plotted in figure 4.2 for the first half period of 
the motion, which has been designated Polynomial I. Examination of the 
acceleration graph of this motion discloses two main faults in the motion. 
The acceleration at the start of the motion, and at the end, is much 
longer in duration than the original profile, since 250 of cam rotation. 
are used before the maximum velocity is reached. The result of this is 
a relatively slow valve opening and a loss in breathing capacity. It also 
means that the period for the n~gative acceleration is reduced to 
o 
approxImately 35 , in which time the velocity has to be reduced to zero. 
The effect is to make the motion control for the maximum acceleration 
unrealistic, and so another maximum negative acceleration is formed 
approximately 100 either ·side of the cam nose. This is an undesirable 
4.20 
feature since the maximum spring load will not have been reached and 
this gives less margin between the 'idealised inertia and the spring load 
at these points to allow for the vibration of the system. Two desirable 
features of the motion are apparent however, the maximum positive 
acceleration is reduced by more than 27% and in the period of negative 
acceleration immediately after the flank perioq the polynomial profile 
has a lower negative acceleration for the first ten or eleven degrees 
of the nose period. We would expect therefore that the forced response 
of this cam profile would result in lower vibration levels than the 
original, but that there would be less breathing capacity and, clearly 
the valve spring load is not being used to its best advantage. There 
would probably be a larger transient response term resulting from the 
lack of control over the third derivative at the start and end of the 
motion. The size of this third derivative at the start of this particular 
solution is 1.95 x 10- 3 mm/deg 3 whereas the original design had a zero 
value at the start and end of the motion for this term. 
In order to try and improve the acceleration of this trial desir,n 
the most obvious approach is to try and flatten out the curvature of the 
cam nose centre section by setting the higher derivatives to zero at the 
maximum lift pOSition. In fact the third derivative of Polynomial I has 
o ' . 
a zero value at 60 so the next trial, Polynomial 11 set both'the third 
o 
and fourth derivatives to zero at 60. Other conditions remained the 
same as before. The velocity and acceleration profiles for these 
boundary conditions are plotted in figure 4.3. This change has the 
desired effect on the negative acceleration period in that the maximum 
negative acceleration now occurs at the nose and the period is increased, 
but only by approximately one degree, and in a small region twenty degrees 
, from the maximum lift position the negative acceleration is slightly 
larger by about 8% at maximum than in the original deSign. The maximum 
positive acceleration is increased by only a small amount so that the 
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acceleration is 24% less than the original design, and the flank period 
o 
of POlynomial 11 is reduced to 24 ~o give.a slightly better breathing 
capacity than Polynomial I. This should prove to be a perfectly 
acceptable cam profile by itself, providing .the influence of the non-
zero third derivative at the start and end of the motion. is not too great. 
The value of this third derivative was increased from the value recorded 
for Polynomial I, to 2.375- 3 mm/deg 3 in Polynomial 11. 
In order to examine the effect on the.motion of setting the third 
derivative to zero at the start and end of the event, Polynomial III was 
specified with the following boundary conditions. At 00 . and i200 , lift 
.25 mm, velocity .01 mm/deg, acceleration and jerk-zero. At 600 lift 
4.7 mm, velocity zero, acceleration-44 x 10-4 mm/deg2 and the third and 
fourth derivatives set to zero. The resulting acceleration and velocity 
are plotted in figure 4.4. The most immediately apparent fault is the 
droop in the negative acceleration profile at about 200 either side from 
the cam nose maximum lift position,greatly increasing the negative 
acceleration in this region, and making very poor use of the spring 
characteristics. As the current practice in cam. design had tended to 
abandon the minimisation of the third derivative at the start and end 
of motion it was decided to explore the use of controls on the actual 
value of this rather than reducing it to zero and also controls over the 
maximum velocity position in order to improve the breathing capacity and 
increase the spring force margins in the nose period. Besides which, 
the use of similar profiles as output motions with smooth 3rd and 
4th derivatives at the start and end of the motion would be covered in 
the work on polydyne type profiles. It will be noted that Polynomial III 
had increased the flank acceleration to only 13% less than the original 
o design despite a flank period of 25.5 • 
Polynomial IV which is depicted in figure 4.5 goes back to the same 
boundary conditions as Polynomial 11 but the initial jerk or third 
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o 0 derivative at 0 and 120 is increased from the previously assessed 
value Of .2375 x 10-2 mm/deg3 to a .set value of .2625 x io-2 mm/deg3 , 
approximately an 11% increase. The acceleration plot shows that the 
effect of this is extremely small, less than half a degree reduction in 
the flank period, and a very small increase in the maximum acceleration 
o 
and the negative acceleration in the position 20 either side of the cam 
nose is reduced to less than 1% more than the original profile. This 
like Polynomial 11 should also prove to be an acceptable cam profile. 
The.area factor for Polynomial IV was calculated at .534 based on the 
proportion of area covered by the valve lift event above' the ramp, which 
is the normal basis of comparison. A further trial was made of raising 
the jerk value at the start by a further 19% in Polynomial VII which is 
not reproduced here. The effect was to make similar small changes in 
period and acceleration. 
Polynomial VI which is plotted in figure 4.6 shows the effect of 
keeping the jerk at the start and end of the motion, at the level of 
Polynomial 11 and increasing the number of derivatives set to zero at 
the maximum lift position. The period of the flank acceleration is 
o increased slightly, and at the points discussed earlier, 20 either 
side of the cam nose, the level of the negative acceleration is increased 
in comparison with Polynomial 11. This will mean that the margin of 
spring load available for countering vibrations of the system is lower 
in this area than in either of the designs of Polynomials 11 and IV. 
The area factor of Polynomial VI was calculated at .53, so even though 
the flank acceleration is reduced slightly in magnitude in comparison 
with 11 and IV the implication ·is that polynomial IV would produce a 
better' overall performance, providing the influence of the size of the 
third derivative at the start and end of the motion is not too great. 
The.motion controls on Iblynomial VI were to set the fifth and sixth 
derivatives to zero at the maximum lift position and the third derivative 
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to .• 2375 x 10-2 mro/deg 3 at the start and end of the motion. Otherwise 
the boundary conditions were the sa~e as Polynomials 11 and IV. It is 
apparent that increases in the number of higher derivatives set to zero 
at the maximum lift point of the motion do not produce acceptable 
negative acceleration profiles because of the undue flattening of the 
curve and although it is possible to counteract any lack of breathing 
capacity by increasing the size of the third derivative at the start and 
end of ·the motion, the influence of changes here are not well understood 
insofar as they might affect the dynamic response. Accordingly it was 
decided to try the application of motion controls to the- flank nose 
junction to influence the profile favourably and improve the breathing 
capacity of the motion. 
The immediate problem that is apparent when applying this type of 
control with numerical polynomials of this type is that the method 
requires specification of all the terms below any derivative it is 
desired to control. If we wish to set the acceleration to zero at a 
certain cam angle to define the flank nose position it is also necessary 
to define the lift and velocity at this point. This is an obvious 
weakness of this method in comparison with more normal methods of 
specifying a polynomial and calculating the coefficients. The possible 
advantages of accuracy of the higher derivative terms are not applicable 
to the relatively simple problem of a direct cam profile calculation, 
however since it was desired to obtain some measure of the effects of 
these internal type motion controls a number of variations in the profile 
were attempted to try and obtain acceptable profiles. Inspection of .the 
lift velocity and acceleration ~urves for Polynomial 11 showed that the 
o 
maximum velocity was achieved after 24.5 of flank acceleration and as a 
first trial, just the velocity and lift figures achieved at this point 
00-
were moved to 21 and 99 for Polynomial V and these conditions plus 
the condition of zero acceleration were applied for Polynomial VIII. 
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Both these trials resulted in much higher area factors, but extremely 
high accelerations as typified by the plot of the velocity and acceleration 
·curves for Polynomial VIII reproduced in figure 4.7, which is half scale, 
compared with previous plots. Boundary conditions for Polynomial VIII 
were as· follows. o 0 At 0 and 120 , lift .25 mm, velocity .01 mm/deg, 
acceleration zero; at 210 and 990 , lift. 2.175 mm, velocity 1.225 x 10-1 
mm/deg, acceleration zero; at 600 lift 4.7 mm, velocity zero, acceleration 
44 x 10-4 , third and fourth derivations zero. The area factor for 
Polynomial VIII was .584 but since the motion is clearly unacceptable 
on the grounds of extremely high accelerations and lack of control of the 
negative acceleration period this is of little advantage. The indication 
from the acceleration curve is that the lift specified at 210 and 990 
was too high, since a negative acceleration period takes place to slow 
the velocity down before rising again to the maximum, which gives more 
~rea under the velocity curve to obtain the required lift. This is 
confirmed by the result of Polynomial IX which applies the control of 
zero fifth and sixth derivative terms at the maximum lift point in 
addition to the controls exerted on Polynomial V~II. This only serves 
to make the motion more unacceptable. as the high scale plot of the 
. acceleration shows in figure 4.8. Although the area factor is very 
favourable at .594, the maximum flank acceleration has been increased 
to almost three times the previously unacceptable level of Polynomial VIII 
and the negative acceleration on the flank calls for almost ten times 
the spring load at the maximum lift position for the system to remain 
in contact. Polynomial calculations number X and XI,which are not 
plotted"attempt to reduce the e'!fect of the inappropriate lift value 
at this flank nose junction by setting the third derivative and the 
third and fourth derivatives at this point to zero. Both these efforts 
resulted in motions that could not be considered for a design because 
of high negative accelerations in the flank period, similar to those 
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depicted in Polynomial IX. 
It is therefore plain that there is little that one can do to impose 
intermediate boundary conditions of this sort unless it is possible to 
accurately guess the lift that will be required to be set at the point 
of interest. Although the velocity was not changed in this exercise, 
this is probably a relevant feature, since the control of the velocity 
to a certain maximum value is often necessary as this is proportional to 
the follower radius and may be limited by design considerations in the 
engine. The next trial resulted in Polynomial XII the acceleration of 
which is plotted in figure 4.9. The intermediate conditions f'or this 
were a lower lift of 1.65 mm, a velocity of .1225 mm/deg as for polynomials 
o 0 V, VIII, IX, X and XI, and zero acceleration at 21 and 99. Although 
the motion was much improved in that ·the acceleration peak of the flank 
was only approximately 38% higher than the original cam design there is 
8 considerable waste of drive time at the start of the motion with a 
strong negative acceleration pe~.k and a poor curvature of the acceleration 
period on the cam nose. Polynomial XIII set a lower velocity condition 
for the same intermediate point at .1 mm/deg, but this resulted in an 
even higher flank acceleration and a positive acceleration period after 
the flank nose junction. In addition the area factors for XII and XIII 
were only of the order of .524 and .522 respectively, despite. the 
relatively high accelerations. 
Polynomial XIV failed to run first time and the conditions were 
transferred to Polynomial XV which is plotted in figure 4.10. As can 
be seen this gives a reasonably acceptable motion for the cam profile 
apart from a small period at the. start of the motion where there is a 
small negative pulse. The maximum acceleration is 8% higher than the 
original cam but the negative acceleration period is a very good shape 
to .provide a spring load margin in the period 210 to 400 which is where 
the system is most likely to separate. Intermediate conditions for 
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this motion were the same as those for the series V, VIII, IX, X, XI, XII 
but the lift was set to 1. 75 mm, ve'loci ty .1225 mm/deg and acceleration 
zero at 210 and 990 .' The area factor for this design was calculated 
at .536. 
Polynomial XVI which is not reproduced here, was an attempt to move 
the intermediate conditions applied for XII to a new position at 230 
and 970 • This resulted in a poor area factor of :493,high negative and 
posi ti ve accelerations in the flank period, and high posi ti ve acceleration 
at the cam nose. 
Polynomial XVII plotted in figure 4.11 shows the effect of setting 
the lift at the 210 and 990 point to a very slightly lower figure of 
1.725 mm instead of 1.75 mm as in Polynomial XV. As can be seen, this 
small change to the conditions, which otherwise remained the same as 
XV, increased the initial negative flank acceleration peak by a factor 
of Six times and resulted in increased positive acce1erations as well. 
This illustrates the ·sensitivity of the profile to a small change in 
the lift which was only just over 1%. The area factor for this design 
was .533 and the only possible advantage this profile has over XI is the 
lower slope in the cross over region where the acceleration changes sign, 
at the flank nose junction, and the lower acceleraton magnitudes from 
o this point to the 35 point. 
A change in the lift specified for the cross over point of the same 
order as that for XV and XVII but in the opposite direction from 1.75 mm 
to 1.775 mm resulted in Polynomial XVIII which is plotted in figure 4.12. 
This motio,n started with a small negative value of the third derivative, 
but this had changed sign by th~ one degree point and the motion overall 
is very similar to the original cam design with a maximum flank 
acceleration just over 1% higher and slightly different curvature in 
the negative acceleration region. The area factor for this design was .539. 
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Figure 4.13 illustrates the effect of reducing the velocity slightly 
at the cross over point from .1225 ~/deg to .12 mm/deg. This is the only 
change from the conditions set for XV and results again in an increase 
in the negative acceleration period at the start of the flank, and an 
increase in the positive flank acceleration. The area factor for this 
motion was .536, but it shows no advantage over XV apart from the slight 
reduction in negative acce1erations immediately after the cross over 
point. The latter design Polynomial XIX was accompanied by Pol),nomial XX, 
not. plotted here, which imposed a corresponding increase to .125 from 
.1225 mm/deg for the cross over velocity. This gave a slightly lower 
negative acceleration at the start and slightly lower positive acceleration 
in the middle of the flank period, and an identical area factor •. Neither 
of these profiles is as acceptable as Polynomial XVIII or XV. 
Figure 4.14 shows the effect of applying a control over the jerk' at 
the start and end of the motion to the conditions specified for 
Polynomial XV and this motion is labelled Polynomial XXI. A very large 
reduction in the flank acceleration results from imposing the limit of 
.002375 mm/deg3which is the same as that resulti.ng from the motion of 
Polynomial 11, and the maximum acceleration is reduced by 6% from the 
original cam design. The curvature of the negative acceleration period 
o 0 is possibly undesirable however in the 25 to 40 ·region. The area factor 
for this motion was calculated at .536. An increase of this initial jerk 
to .002625 mm/deg3 had a negligible effect on the acceleration curve 
as may be seen from the plot in figure 4.15 labelled Polynomial XXII, 
and the area factor of .536 was identical to XXI. 
The results of applying these intermediate controls over the motion 
indicate that there are problems involved in specifying suitable conditions 
that will produce a desirable shape for the whole acceleration curve, but 
that these difficulties are surmountable, particularly if it is not 
desired to obtain a specific type of curvature in the regions of negative 
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,acceleration to match unusual spring characteristics. Of the solutions 
plotted here, Polynomials 11, IV, ~I, XV, XVIII, XXI and XXII would all 
be possible cam profile designs, with the first three in the group 
possessing possibly better vibrational characteristics, but slightly 
poorer breathing capacity than the latter group of four, which 'apply 
intermediate controls of the acceleration, velocity and displacement. 
Further trials of intermediate controls to limit the height of the flank 
acceleration pulse, whilst retaining controls on the flank period, resulted 
in unacceptable solutions that required positive accelerations after the 
desired flank period, and it was decided that the effort, involved in 
guessing the correct conditions was too much to be worthwile at this 
stage. 
The results of this section show that acceptable shapes for the cam 
function can be generated using this technique, and the experience gained 
in defining the motions is put to more practical use in the, following 
section. It is clear that there are better methods of approach if only 
a, simple cam profile is required, although the solutions noted in the 
previous paragraph should produce acceptable valve motion responses, 
which should reduce the spurious vibration of the system. To test this 
hypothesis in a realistic manner it is normally necessary to construct 
the cam and test the system experimentally. However, since the, valve 
gear, performance program was available, and the profiles are of a type 
that meet the requirements of continuity to justify the use of the simple 
seven mass model described in section 3, two of the solutions, Polynomial IV 
and Polynomial XVIII were applied as cam inputs to the standard model of 
the Ford 105 E valve linkage system. The results are illustrated by the 
computed linkage load diagrams in figures 4.16 and 4.17 for an engine 
speed of 4000 rpm at .175 mm clearance. Comparison with the corresponding 
results in section 3 for the,standard Ford cam profile shows that the 
vibration level has been considerably reduced in both cases, particularly 
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in the case of Polynomial IV, which of course has slightly less breathing 
capacity than the standard Ford·c~ profile. The height of the first 
bounce of the valve predicted by the valve gear performance program shows 
that Polynomial XVIII results in a small value of .0031 mm and Polynomial 
IV a value of .0073 mm. The corresponding value for the Ford cam is 
.003 mm, which perhaps indicates that the control of the third derivative 
at the start and end of the motion is of some benefit at this speed. The 
results of this simple test do indicate however that the use of polynomial 
cam. profi·les can result in lower vibration levels and the arguments of 
section 3 suggest that the real system response will be 'closer to the 
model response results for a polynomial function than for cam lift 
functions that lack the continuity and smoothness of a medium order 
polynomial. 
In the next section the numerical polynomial technique is used to 
nore effect, as a valve lift function, which enables us to define certain 
classes of polynomials that resalt in reduced vibration levels in 
comparison with the general approach in this section. 
Table 4.6 lists the boundary conditions chosen to define the 
polynomials described in this section. 
Polynomial 
I 
II 
III 
IV . 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 
XIII 
XV 
XVI 
XVII 
XVIII 
XIX 
XX 
. XXI 
XXII 
. TABLE 4.6 
TABULATION OF BOUNDARY CONDITIONS FORMING THE POLYNOMIAL FUNCTIONS 
Start Conditions Intermediate Angle Midpoint 60° 
.25/.01/0 
- -
4.7/0/-.0044 
.25/.01/0 
- - 4.7/0/-.0044/0/0 
.25/.01/0/0 
- - 4.7/0/-.0044/0/0 
.25/.01/0/.002625 
- - 4.7/0/-.0044/0/0 
.25/.01/0 2.175/.1225/ 21° 4.7/0/-.0044/0/0 
.25/.01/0/.002375 
- - 4.7/0/~.0044/0/0/0/0 
.25/.01/0/.003125 
- - 4.7/0/-.0044/0/0 
.25/.01/0 2.175/.1225/0 21° 4.7/0/-.0044/0/0 
.25/.01/0 2.175/.1225/0 21° 4.7/0/-.0044/0/0/0/0 
.25/.01/0 2.175/.1225/0/0 21° 4.7/0/-.0044/0/0/0/0 
.25/.01/0 2.175/.1225/0/0/0 21° 4.7/0/-.0044/0/0/0/0 
.25/.01/0 1. 65/ .1225/0 21° 4.7/0/-.0044/0/0 
.25/.01/0 1.65/.1/0 210 4.7/0/-.0044/0/0 
.25/.01/0 , 1.75/.1225/0 21° 4.7/0/-.0044/0/0 
.25/.01/0 1.65/.1225/0 23° 4.7/0/-.0044/0/0 
.25/.01/0 1. 725/ • 1225/0 21° 4.7/0/-.0044/0/0 
.25/.01/0 1.775/.1225/0 21° 4.7/0/-.0044/0/0 
.25/.01/0 1. 75/ .12/0 21° 4.7/0/-.0044/0/0 
.25/.01/0 1. 75/ .125/0 21° 4.7/0/-.0044/0/0 
.25/.01/0/.002375 1. 75/ .1225/0 21° 4.7/0/-.0044/0/0 
.25/.01/0/.992625 1.75/.1225/0 21° 4.7/0/-.0044/0/0 
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SECTION 5 
POLYDYNE TYPE CAM PROFILES 
5.1 An examination of the theoretical advantages of Polydyne cams 
The design of polydyne cam profiles is based on the use of the 
undamped single degree of freedom lumped mass model ,which has been 
discussed in previous sections. The technique uses a polynomial express-
ion for the valve motion to generate the cam profile which will produce 
the,designed motion at a certain speed. The equation of motion for the 
model system is as follows. 
(S.l) 
where k2 is the linkage stiffness, M the lumped equivalent mass and 
eq 
kl is the spring stiffness. If the speed of cam rotation Wj is assumed 
to be a constant then the equation becomes 
(S.2) 
where a is the angle of cam rotation, o..nJ c{ ~ ,"-"'vW\ e.{', 
Since the valve -motion XL has been defined by a polynomial, which may be 
d 2 X L 
expressed as a function of a then the second derivative d e2 is also a 
polynomial function and the solution for the cam lift function is another 
polynomial, since: 
(S.3) 
Wj2 M 
d k] + k2 and eg are constants for the system at the design speed. k2 an k2 
If this polynomial function defining the motion of the valve is 
expressed as a function of Le. :f (a) and the second derivative with 
respect to a is expressed as f"(a) then the cam lift becomes 
(S.4) 
5.2 
The solution for the 'response of the system to this design at any other 
speed is expressed by the equation of motion as before but using the 
polydyne profile lift function (5.4) as the input. 
i.e. (5.5) 
If the speed of cam rotation in the general case is taken as w then the 
response of the system may again be expressed as a function of 8 and so 
(5.6) 
or 
(5.7) 
The particular integral of this equation (5.7) is the sum of the 
series 
(5.8) 
It can be seen that the theoretical particular integral response of a 
polydyne type profile at other than the design speed is equal to the 
designed motion plus an infinite series representing the departures from 
this motion. 
If the designed motion f(8) is used as the cam input then the response 
is described by the equation 
(5.9) 
and is, since (kl + k2) ~ k2 for stiff valve gear systems 
(5.10) 
5.3 
The variation from the desired motion for the polydyne profile is exactly 
times that for the same function used as a polynomial cam. The polydyne 
cam should therefore produce less'. vibration than the polynomial if the 
speed of operation is between ~ and infinity, providing the same function 
is used, for the valve motion in the first case and the cam lift function 
in the second. 
The transient vibrations in the system may be evaluated by obtaining 
the complementary functions of equations (5.7) and (5.9)' assuming that 
the lift and velocity at the start of the motion are zero: 
Le. X = 0 = A cos Aa + B sin A6 + P.I. (5.11) L 
d XL tAl d XL [- d(:eI.)](S.12) and --= = 0 = tAl A A sin Aa + A B cos Aa + dt da 
where P.I. is the particular integral expressed by equations (5.8) and 
(5.10) for the polydyne and polynomial cam respectively and where these 
terms are evaluated at the start of the motion or where a = o. 
For the polynomial cam 
For the polydyne cam 
A '!' - f(a) 
o 
1 fIV(a) 
'IIi 0+'" 
and similarly for the velocity constant B. 
For the polynomial 
B = -
and for the poly dyne 
B = -
+ ••• } 
(5.13) 
(5.14) 
(5.15) 
(5.16) 
5.4 
For a normal polydyne cam the motion is designed to start with zero lift, 
velocity and acceleration, therefore 
are all zero. 
The magnitudes of the transient terms for each type of profile are 
therefore again in the same ratio as the variations from the desired 
motion of the particular integrals, so if the value of this series is 
obtained for a function an assessment may be made of the amplitudes of 
the transient vibration affecting the system. It is clear that A and B 
are both zero for the polydyne design operating at the design speed. 
The above arguments appear to be convincing .evidence that the 
polydyne design process should always produce better cam designs than 
a normal technique for high speed operations but as mentioned in an 
earlier. section, there is li ttle experimental proof that tt.e polydyne 
process produces a viable cam design. At the design speed the polydyne 
cam should produce negligible vibrations and yet the work published by 
Thoren et al (referQnce 24) would seem to indicate that contact had 
been lost before the design speed was reached in their designs. There 
are a number of possible reasons for this lack of success and they may 
be summarised as follows: 
a) Invalidity of the model •. 
b) Poor choice of polynomial functions or parameters. 
It is proposed to discuss the first point in the next section and 
to concentrate in this section on the second. The previous section has 
already discussed the advantages of polynomial functions for the direct 
design of cam profiles, and the effects of changes to the boundary 
conditions on the shape of the acceleration curve, which is the principal 
factor influencing the variation of the motion from the input function. 
If the variation from the desired motion is expressed as XL - fee) then 
this is represented by the sum of the expressions 
= -
for the particular integral of the polynomial and 
L {- - .•• } cos Aa 
+ L + ••• } sin Ae 
for the complementary function of the polynomial. 
The corresponding expressions for the polydyne cam using the 
polynomial as an output function will be 
= -
for the particular inte,gral and 
L - + fV\e)o 
A6 
- ... } CpS Ae 
fV (8)0 
AS - ••• } sin A8 
for the complementary function of the polydyne. 
5.5 
(5.17) 
(5.18) 
(5.19) 
(5.20) 
At a speed of w
t 
= ~ the magnitude of these two expressions becomes 
identical and opposite in sign and this is defined as the transition 
Wt At this speed A becomes equal to - and' is defined as At. 
Wn 
speed. 
If equation (5.17) is examined it is seen that it may be rewritten 
in terms of the linkage compression force using the approximation 
A 1 ::: k, 
tM W Z 
eq t 
i.e. k2 (XL - f(e» ~ M W 2 {fII(e) _ fIV (6) + f
VI (6) ) 5.21) 
eq t A 6 A 4 t t 
Immediately it may be seen that the first term in the series M wt 
2 fII(6) 
eq 
represents the intertia of the output mass at the particular speed, and 
so corresponds to the non vibratory response of the system. Since the 
5.6 
valve spring and acceleration diagram of the input function are designed 
to match each other, the higher derivative terms are the measure of 
variations from the expected response insofar as the linkage load is 
concerned. The vibration levels of the system are important in determining 
the possibility of separation of the linkage in the negative acceleration 
period, and in affecting valve bounce at the end of the valve event. At 
the end of the valve event when fee) = fee) the transient terms of 
c 
linkage vibration will have reduced to negligible proportions in any 
normal system, due to the effects of damping. Therefore to ensure good 
control of valve bounce, and noting that we are starting and finishing 
the motion with zero acceleration the magnitude of the quantity 
XL - f(e)c should be reduced to a minimum. 
(5.22) 
For control of the separation in the first part of the negative 
acceleration period the sum of the squares of the amplitudes of the 
cos Ae and sin Ae terms should be minimised. 
\ 
That is, if we express the polynomial function in the form 
fee) = l: Ci ei (5.23) 1=o,r 
where r is the order of the polynomial and is assumed to be even~ . the 
expression for the square of the transient amplitude becomes 
(5.24) 
and minimisation of the transient terms is possible using this relation 
if the polynomial function is known. Examination of the left hand term 
of expression (5.24) indicates that this may be reduced to zero by using 
odd order terms in the polynomial. In addition the expression for the· 
forced response als·o becomes zero at e = 0 but the transient sine term 
\ 
5.7 
is of course increased in magnitude. This suggests a method of reducing 
bounce by specifying that the polynomial function should be expressed in 
the form 
fee) (5.25) 
when e = e then all the even derivatives are zero and the error in the 
c 
lift term will be zero. Unfortunately this is not the whole answer to 
the problem, for the velocity error of the forced response will be 
proportional to the odd derivatives, so even if the lift is controlled by 
this device, the velocity may be very high at the moment of impact. Equally 
if the function is specified in terms of even powers in the complementary 
form of (5.25) then the error in the timing of the closing event of the 
valve may be at a point where the velocity is high even though the 
predicted closing velocity at Sc was correct. The above type of curve 
(5.25) is suggested as 'a solution to a problem where the velocity at the 
end of the motion is not important, but where the lift control 'is vital 
and similar families of curves may be found for dwell rise dwell motions. 
For automotive application however the medium Course of action must be 
taken and there appears to be no advantage in the use of polynomials of 
even or odd powers. 
Examination of the general characteristics of polynomial functions 
leads to the conclusion that the peak values of the derivatives are 
increased as the order of the polynomial is increased. If the polynomial 
is defined in terms of the cam rotation in radians as assumed in this 
analysis then the size of the derivatives expressed in mm/deg in the 
360 n previous section are required to be multiplied by (~) , where n is 
the order of the derivative chosen, to fit into the equations expressed 
here. Accordingly it may be observed that the terms in the series (5.22) 
and (5.24) will converge only for high values of At and low values of 
polynomial order. If At is chosen to be in the normal running range of 
present day engines then for a linkage natural frequency of 800 Hz and 
\ 
a maximum engine speed of 7200 rpm the minimum value At is about 14, 
and the maximum 140. The use by Dudley (references 4, 20) of a 
5.8 
"J value" which represented the integral of the square of the acceleration 
of the function over the event length is only a very rough indicator of 
the vibration characteristics of that function and leads to the definition 
of polynomials of very high order to minimise the J value for a given 
area factor. The' effect of these high order terms is to markedly increase 
the values of the higher derivatives in the area of opening and closing, 
thus increasing the errors in the lift and velocity response at the 
closing event and increasing the size of the transient terms, generated 
at the start of the motion. It is considered that the use of lower values 
for the order of the polynomial function will act to reduce these faults 
and if a rough measure of the vibratory characteristics of the function 
is required, then the fourth or sixth derivatives would provide a more 
sensitive measure of the overall response of the system. 
Having established some rules of thumb for polynomial function cam 
profiles and noted that at the transition speed the magnitude of the 
vibratory response amplitudes of the polynomial and polydyne cams are 
identical although opposite in sign the above arguments may be applied 
to the choice of the functions for the output motion. Initi"al investig-
ation of the response indicated in equations (5.19) and (5.20) would 
indicate that the use of the same function always produces the same 
output at transition speed. For the polydyne however the method of 
design produces a discontinuous lift velocity and acceleration profile 
at the start if the second third and fourth derivatives are not set to 
zero. This apparent contradiction of good design practice that suggests 
that motions starting with non zero displacements velocities and acceler-
ations produce poor vibration responses, may be answered by the arguments 
set out in section 3 where it is shown that single degree of freedom 
models are not adequate to deal with such input functions. For all 
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po1ydyne cam designs therefore the values up to the fourth derivative of 
the function are matched to the starting and closing conditions and in 
most cases set to zero. This requires that the polynomial should be 
increased in order to match these additional controls on the motion. If 
we wish to specify the maximum lift and negative acceleration at the 
centre, then the number of boundary conditions to be satisfied for a 
po1ydyne motion is a minimum of twelve, resulting in a polynomial of at 
least eleventh order, if the function is to be specified over the whole 
range of valve opening. Controls of the shape of the negative acceleration 
period and the area factor for the motion resulted further boundary 
conditions being required but the maximum number specified for the motions 
discussed later was 25. This increased number of boundary conditions 
means that it should be possible to find polynomial functions that will 
give reduced vibration levels at a given transition speed in comparison 
with the best polydyne design because of the reduced restrtctions placed 
on the function and the wider choice available for a polynomial cam. 
Theoretically however there is no better ohoice than the polydyne at the 
design speed, where the motion is completely correct, because the 
vibration terms in both equations (5.10) and (5.20) are multiplied by 
the factor [:22 - 1J ' which equals zero at W = wl' and between the 
transition speed and same way above the design speed, there is a speed 
. / 
range where the polydyne should prove superior. Since we should not 
expect order of magnitude improvements in the performance of the best 
polynomial at the transition speed then this range may be quite large as 
long as the design speed is below the valve crash speed. 
It is useful to continue to compare the relative responses of the 
same polynomial however, to obtain ideas of the general trend in the 
vibration amplitudes as the speed of operation is varied. If the level 
of the spurious vibration is expressed by the fourth and fifth derivatives 
of the response then the ratio between these responses for the polynomial 
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and poly dyne is exactly 
For the forced response the polynomial and, polydyne fourth derivative 
terms may be expresses as 
IV f (a) (5.26) 
It may be observed that the polynomial cam vibration increases as 
the fourth power and the polydyne in response to the quartic equation 
(W2 - Wj2)W2 • Differentiation of this expression with respect to W 
yields the result that the vibration is a maximum at the transition 
speed w
t 
= ~ , zero at W 
r2 
= 0 and wI and thereafter is always less than 
the polynomial cam by the factor [ 1 - :22 ] . 
For the transient 'response 'the fifth derivative is chosen for 
comparison since the polydyne profile requires the first four derivatives 
set to zero at the start. The corresponding terms are: 
(W 2 _ w12) :3 5 fV(a) 
n 
(5.27) 
The polynomial response is thus proportional to the fifth power of 
the cam speed, but the relationship for the polydyne bears the same ratio 
of amplitudes as the forced response. 
At speeds below the transition,point the magnitude of the po1ydyne 
response is always greater than the polynomial by the same ratio except 
at zero speed. The acceleration term represented by the second derivative 
Is always larger for the polydyne than the polynomial cam and this reaches 
w 2 II 
a maximum value of ~ f (a) at zero. This of course represents the 
n 
compensation components necessary to produce the poly dyne cam design and 
can no longer be regarded as a necessary function of the motion requirements 
at these speeds. These variations may be minimised by reducing the J value 
of the function as much as possible, but the effect on the characteristics' 
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will be relatively small and will not be. enough to significantly reduce 
the harshness that is often complained of for poly dyne cams operating 
below the transition speed. 
The acceleration terms for the errors in displacement near the valve 
closing event, at low speeds, are approximately proportional to the 
square of the design speed, inversely proportional to the square of the 
natural frequency and directly dependent on the rate of acceleration 
rise. It must be presumed that the excess noise emanates from an excess 
velocity of the valve at closure. If we examine the acceleration term 
for the polydyne 
(5.28) 
and compare with the corresponding term for the polynomial 
(5.29) 
At valve closing the increased lift due to the acceleration term for 
the poly dyne will resist any early closure of the valve. The reduced lift 
due to the dynamic deflections of the polynomial cam will tend to cause 
an early closing of the valve. If the velocity difference between the 
desired motion and the actual motion is considered, this acts to reduce 
the velocity of closing for the polynomial and increases it for the 
polydyne. Thus the early closing of the polynomial cam is compensated 
to some extent by the reduction in velocity. For the polydyne cam 
therefore there is a sudden late closure of the valve which produces the 
apparent harshness of the performance. The relative magnitudes of the I 
polydyne and polynomial cam errors are in direct relationship to the 
design speed chosen for the polydyne. At two thirds of the transition 
speed the polydyne is greater by a factor of 3.5 : I, at half the transition 
speed the polydyne is greater. by a factor 7 : 1. Even at the transition 
speed the closure of the polydyne is inferior to that of the polynomial. 
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because of the opposing acceleration term. Clearly the problem may be 
reduced by increasing the natural frequency of the linkage and the po~y-
dyne is likely to show greater benefits than the polynomial if this is 
done. A major improvement may be made by reducing the design speed of 
the poly dyne cam So that the relative displacements and velocity differences 
between the poly dyne and polynomial are small in the normal running range 
of the engine. It.is possible to define a design speed such that most of 
the normal operating range of the engine is above the transition speed 
and still· show bene!! ts at the top end of the range. For example, if 
the design speed is specified as 4000 rpm then the transition speed will 
be 2818 rpm, and the relative vibration amplitudes of the polydyne to 
polynomial will be -3.5 : 1 at 1878 rpm and .55 : 1 at 6000 rpm. 
This investigation of the major features of the polydyne cam 
technique'indicates that there are worthwhile·benefits to be gained in 
theory and there are some objeLtions .which may be overcome by careful 
choice of functions and fitting the design parameters to the system. The 
effects of any inadequacy of the undamped single degree of freedom model 
will be dealt with in a later section. One other aspect remains to be 
examined, and that is the possible effect of the polydyne cam design on 
the valve spring surge. This may be done by using the single lumped 
mass model specified in section 3 and finding the response generated by 
the actual valve lift term. It is necessary to assume that the variations 
in lift due to the surge are small enough to be disregarded and that we 
may superimpose the valve lift variations on the main function f(8). 
If the equivalent mass of the spring coils is specified as m and 
the overall stiffness of the spring kl then the forced response to the 
main input function f(8) is as follows: 
x 
s 
where.y2 = 4k2 
mw 
= f(8) _ 
2 + ••• 
(5.30) 
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If we examine the effects of the variations from the desired motion 
for the polynomial cam, expressed in equation (5.17) we discover that. 
fII(8) 
AZ is also an input to the spring system. 
Applying this input in identical fashion we obtain 
x =-
s2 
+ ••• 
The major contribution to surge at lower speeds and for low order 
polynomial functions will be the second term in each expression 
for (5.30) and for, (5.31) 
The first term is a fundamental result of the applied function 
f(8) but the latte'r is the result of the spurious vibration of the 
polynomial cam and acts to increase the value of the third term in 
equation (5.30). 
i.e. the sum of the fourth derivative effects on the surge 
amplitudes is 
A reasonable value for. the relative ratio of t is ~ which yields 
IV 2'· IV 
f (8) {I + r } = 1.55 f (8) 
2y4 ~ y4 
(5.31) 
(5.32) 
So the surge effect is increased by a factor 1.55 : 1 for the polynomial 
cam and similar increases take place. for all the derivatives. 
For the polydyne cam equation (5.30) still applies for the main 
function response but the acceleration displacement variations are 
and the fourth derivative surge effects become 
(5.33) 
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At a cam speed where [~!/ - 1 ] ~ = 1 the surge effects will be zero 
for the fourth derivative and all the other terms and this speed is 
fixed by the ratio of f, in this case giving the result' w = % wl which 
is just below the transition speed. 
Similar relationships hold for all the forced vibration terms of 
the valve motion and the spring surge amplitudes due to these secondary 
3 
effects reach the same amplitude as the polynomial at W = 8 Wl' 
Thus we may conclude that there is a considerable range of operation 
3 from W = 8 Wl to valve crash speed where there appears to be less tendency 
for the polydyne cam to excite spring surge amplitudes than the correspond-
ing polynomial. 
5.2 Introduction to Polydyne Cam Solutions 
Having already established a theoretical basis for the dynamic 
characteristics of polydyne cams,some examples are now presented that 
investigate the design and behaviour of these profiles. The previously 
described numerical polynomial technique is used in unaltered form for 
the calculation procedures. There' is no need therefore to present the 
computer program which is almost identical to the, polynomial program 
except for the input and the expressions for the polydyne calculation. 
In each case a number of boundary conditions are set down, as before, to 
establish the shape and characteristics of the desired motion function. 
The first requirement was a model for the system and this was formed 
simply to correspond to the linkage natural frequency and stiffness of 
the systems considered in section 3. 
It will be noticed that no consideration of the static spring force 
has been made in the analysis of the previous subsection. The reasoning 
behind the decision to omit this term is summarised below and was based 
on the deleterious effects of the spring load when included in the 
poly dyne design process. 
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If the spring static load is S then the equation of motion for the 
formation of the poly dyne cam wi11.be as follows using the notation 
of section 5.1. 
where ct is the polydyne cam lift 
which leads to 
M 
ct = ~ fII(6) 
k2 
(5.34) 
(5.35) 
With similar systems to those discussed in section 3 the" result of this 
extra term is a constant increase in the value of ct by .04 mm. If this 
term was included in the cam design it would result in a sharp step at 
the start of the motion, and would clearly invalidate the Single degree 
of freedom model in use. In addition the inclusion of this step does not 
properly represent the situation that exists in the real system because 
the static spring force is balanced initially by the valve seat which as 
indicated in section 3 may be approximately by an equivalent spring 
stiffness. 
If this factor is includ"ed in the equation of motion for the system· 
we obtain the relations 
M fII(6) W 2 + (kl + k2)f(6) = 
eq 1 
S 
kZ ct - S + k 3 ( lt3 - y)(5.36) 
and + (k, + k 2)f(8) + ~ y 
kz kZ 
(5.37) 
S 
where k3 = the seat stiffness until y = -- and for all higher values 
k3 
reduces in accordance with the'~elationship k3 S = -y 
This modification to the analysis reduces the effects on the cam 
profile to the superposition of an increasing velocity ramp of approx-
imately three or four degrees duration with normal representative output 
motions and seut stiffness values. The slope at the top of this ramp 
would typically be of the order of twenty five times the slope for the 
5.16 
average constant velocity ramp in use to-day and at a height of .04 mm 
this velocity would drop to the norlllaf velocity associated with the 
polydyne cam at this point in the·lift curve, which will be of the·order 
of five. times the normal ramp velocity. Therefore inclusion of the 
spring load term in this more correct form will introduce a step change 
in velocity of twenty times the normal ramp velocity so the vibrations 
introduced will be extremely high when the cam is. running at speeds 
other than the design speed. In addition of course the single degree of 
freedom model is invalidated by this velocity change so the design 
technique becomes invalid as well. 
Apart from the problems introduced into the analysis by the spring 
load term, and the effect of the cam profile changes introduced on the 
motion at speeds other than the design speed, there exists one further 
flaw in the inclusion of this term, even working at the design speed, 
and this is the difficulty of ensuring that the timing of the valve 
opening and closing is correct. Even with self compensating clearance 
regulators it is not possible to rely on the accurate pinpointing of the 
valve opening event at the correct angle. Exper~ence of motored rigs 
shows that the valve clearance changes markedly during operation, without 
the introduction of differential expansions of the engine components due 
to the high temperatures generated by combustion. Changes of clearance 
two or three times. the .04 mm figure discussed above are quite common 
and self compensating regulators will only provide ~ range of compensation 
of approximately the same oreer as the spring load ramp. In view of the 
difficulties experienced with these factors it was decided to use standard 
constant velocity ramps for the cam profile and accept the theoretical 
reduction in the compensation effects of the poly dyne technique in 
exchange for the more reliable behaviour of the standard ramp under 
changing conditions. The conclusions of section 5.1 regarding the kind 
of problems likely to be encountered by the polydyne valve closing period 
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led to a decision to use a slightly longer portion ot the ramp than that 
giving best performance for the standard cam, which was used as the 
basis of comparison. This is simply achieved by making the basis of any 
performance comparisons at a slightly smaller linkage clearance. The 
effective change was to lead to an increase in the ramp period of 
approximately five degrees in comparison with the standard cam at 
standard clearnace.. By this means it was hoped that the valve velocity 
at seating would be under better control and that the late closing that 
might be expected with the polydyne profile at speeds below the design 
speed would not affect the impact and noise levels to an excessive 
degree. 
Having reduced the polydyne equations of motion·to the simple 
relationship between the mass displacement, acceleration and stiffness 
of the system, the corresponding equations for velocity and acceleration 
of the cam profile may be generated by differentiating each equation as 
below. The lift, velocity and acceleration of the desired valve motion 
are·expressed in relation to the degrees of rotation of the camshaft 
rather than radians as used in section 5.1. In order to avoid confusion 
with functions of e the derivatives of motion are expressed in the form 
calculated by this and later computer programs 
i.e. Lift 
Acceleration 
Rate of jerk 
= CC mm 
= FF mm/deg2 
= H mm/deg4 
Velocity = V mm/deg 
Jerk = G mm/deg 3 
The cam speed for the design speed of the calculation is expressed as 
a parameter RPM. 
Using this notation the expression for the computed cam lift becomes: 
Cam Lift = 
Cam Velocity = 
Cam Acceleration = 
M.FF.36.RPM2 
k2 
M.G.36.RPM2 
k2 
Z M.H.36.RPM 
k2 
+ 
+ 
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(k, + k2).CC 
k2 
(5.38) 
(k] + k2)' V 
k2 
(5.40) 
The dependence of the cam lift, ·velocity and acceleration on the 
values of the valve motion acceleration, jerk and rate of jerk is clearly 
seen, and the latter group must be set to zero at the start of the motion 
to avoid the introduction of step·changes in these derivatives of the 
cam function. The ramp used in the standard cam design has a height 
of .25 mm and a constant velocity of .01 mm/deg. Substitution. of these 
values into the expressions for lift and velocity of the polydyne cam 
profile results in a slight increase in both these values, depending on 
the relative stiffness of the valve spring and linkage .. The ramp height 
requires to be increased to .252778 and the velocity to .010111 mm/deg. 
Since these values were only of the order of 1.1% greater than for the 
original ramp the effect on the motion should be negligible and a ramp 
was designed to match these values by increasing the lift and velocity by 
the appropriate factor. It would of course be equally possible to 
reduce the specified valve motion boundary conditions by the appropriate 
amount to produce an exact match with existing ramps if required. 
For all these poly dyne solutions presented here the same system 
was used to formulate the design. The standard design speed chosen was 
5000 rpm engine speed, or 2500 rpm cam speed although later trials were 
made of a lower design speed of 2000 rpm cam speed. This high speed 
range was chosen not to be representative of the particular requirements 
outlined in section 5.1 but because it is easier to examine the benefits 
of different cam designs at the higher speeds where the vibratory effects 
are more apparent and may. be readily evaluated. For the same reason the 
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cam profiles generated are not presented as a set of numbers of lift 
values but plotted as graphs of the acceleration in mm/deg2 . This 
shows up any difference between profiles to a more marked degree, and 
reference to equation (5.40) shows that the variation between the 
acceleration function of any desired valve motion and that of the poly-
dyne cam is dependent on the fourth derivative of that valve motion. 
For a fixed design speed and model system the differences between the 
valve motion acceleration and the cam acceleration curve will be a direct 
measure of the variations of the fourth derivative. As already indicated 
in this sect ion, t·he fourth deri vati ve may be used as a measure of the 
vibration characteristics of a profile, so we are able to compare easily 
the acceleration diagrams and choose profiles that appear to have the 
least variations between each other. Table 5.1 at the end of this 
section summarises the boundary conditions and parameters varied for 
each design. The standard data used for the lumped mass ~ystem was 
M = .268 kg 
kl = 8.8 x 10q N/m 
k2 = 7.9 x 106 N/m 
Equivalent ~ass of valve components 
Valve spring rate'corrected to cam side 
Linkage stiffness 
Figure 5.1 plots the acceleration curves for polydyne III which 
was derived using the standard boundary conditions for the start of the 
motion and the closing event of .25 mm lift, .01 mm/deg velocity, and 
zero acceleration jerk and rate of jerk. At the maximum lift,set at 
the desired design figure of 4.7 mm the velocity was set to zero and 
the acceleration to the design figure of -.0044 mm/deg2 • Total period 
o 
of the valve opening was set to 120. These were the minimum controls 
on the boundary conditions required to match the profiles to the 
existing cam design. Comparison of this result with the polynomial 
profiles of the previous section shows that the effect of the additional 
restrictions on the higher derivatives at the start of the motion has 
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been to push the posi ti ve acceleration period towards the cam nose and 
create a large negative acceleration peak before the cam nose is reached. 
" Clearly the motion is unacceptable because of this poor use of the spring 
characteristics in the nose period. The relatively small amplitudes of 
the fourth derivative of this motion are indicated by the small differences 
between the cam and designed valve acceleration. 
Figure 5.2 shows the effect of increasing the controls on the higher 
derivatives at the midpoint of the motion by setting the third and fourth 
derivatives to zero for Polydyne IV. Al tho.ugh this has the desired effect 
of increasing the nose period the negative acceleration is still a poor 
match to the spring characteristics and the resulting cam although slightly 
better in this respect ·is unacceptable. The increase in the size of the 
fourth derivative term is indicated by the larger variations between the 
cam and valve accelerat-ion particularly at the start of the motion and 
the peak acceleration point. 
Polydyne V shown in figure 5.3 shows the effect of further increases 
in the number of derivatives set to zeI·O at the maximum lift point. The 
third, fourth,fifth and sixth derivatives are zeroed to produce the 
very flat negative acceleration response plotted which still does not 
match the desired spring characteristic curve. Further increases in the 
boundary conditions at the midpoint would not be expected to produce 
great improvements and this is illustrated by the polydyne acceleration 
plotted in figure 5.4 with the seventh and p-ighth derivatives set to 
zero at the midpoint of the motion, in addition to the controls set for 
Polydyne V. This design designated Polydyne VI illustrated the way that 
the first 'ledge' in the acceleration curve increases in height as the 
flank period is reduced and although the starting characteristics appear 
to be good the preference would be to increase the breathing capacity of 
these motions more than can be achieved. by the small shifts of one degree 
or so in the flank acceleration period. The trend in area factor for 
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the designs illustrated is .475 for Po1ydyne Ill, .505 for Polydyne IV, 
and .516 for Polydyne V. These area factors are calculated on the basis 
of the valve motion rather than the cam itself. 
Due to the lack of success with the attempts to increase the area 
factor using midpoint controls further trials were initiated using 
intermediate controls. The first two attempts listed in table 5.1 as 
Polydyne VII and VIII attempted to apply zero acceleration conditions 
o 
at a point 23 from the valve opening event. The lift specified in these 
cas.es was too small and re sui ted in low values of area factor of the 
order of less than .5 and a negative acceleration period· at tlie start of 
the motion wasting drive time, but still resulting in a characteristic 
polydyne double peak in the c.am acceleration curve. 
Poly dyne X illustrated in Figure 5.5 specified boundary conditions 
as the standard minimum requirements set out for Polydyne III but with 
the third and fourth derivatives set to zero at the midpoint and settings 
o 
of 1.75 mm lift, ± .1225 mm/deg velocity and zero acceleration at 21 
f·rom the opening and closing events. An area factor of .536 was achieved, 
which matches the value obtained in the precedi~g Polynomial cam using 
the same intermediate and midpoint controls. The resulting increases in 
the fourth derivative variations are well illustrated by the character-
istic double peak and the lesser variations in the negative acceleration 
period. The general shape of the negative acceleration is well matched 
to the spring characteristics however, particularly in the region just 
after the flank where there is ample reserve for vibrations when the 
spring load is low. Although the output motion was fixed at a flank 
period of twenty one degrees the resulting cam had a flank period of 
twenty two and a half degrees. The most noticeable differences between 
this deSign and the previOUS illnstrations are the double peak charact-
istics and the very large size of the first peak in comparison with 
the previous rounded ledges observed for the motions without intermediate 
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controls. In order to define this motion twenty one boundary'conditions 
had to be defined which results in a polynomial function up to the 
twentieth power. The corresponding controls for the Polydyne VI profile 
result in a polynomial up to the eighteenth power, so we may presume 
that it is the intermediate controls which produce the large variations 
between the two designs rather than the degree of the function used. 
Poly dyne VI possesses some of the undesirable features in the even power 
functions of Dudley (references 4, 20) and others where the negative 
acceleration period is flat for a long period and the spring load margin 
is least where it is most required,just after the flank period on the 
opening event .. 
Since the negative acceleration period of Polydyne X was so good 
a feature further trials were made using intermediate controls in the 
hope that a choice could be made that reduced'the height of the first 
peak in the cam acceleration curve. Polydyne XI used identical. controls 
with two additional zero derivatives at the midpoint. This resulted in 
an increase in the first peak and a decrease in the trough height as 
illustrated in figure 5.6 but with no increase in area factor. The 
maximum acceleration of the valve motion function was less than for 
Polydyne X which is possibly the only feature that appears to have 
improved to any marked degree. 
Figures 5.7 and 5.8 illustrate the effects of reducing and 
increasing the velocity specified for the intermediate controls to form 
Poly dyne XIII and Polydyne XIV. The effect of reducing the velocity 
specified was to increase the first peak even when midpoint controls were 
reduced.. The effect of increasing the velocity was more successful in 
reducing the peak level to about the level of PolydyneX, but the first 
trough was deeper and in both cases the variations in the first part of 
the nose period are large. Area factors for these solutions were 
both .536. 
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Further trials reducing and increasing the lift at the intermediate 
point produced Polydynes XV and XVI which are not illustrated here. In 
the case of Polydyne XV the area factor was reduced to .533 and for 
Polydyne XVI the area facton was .536 but the accelerations of the first 
and second peaks were again increased. 
In view of the lack of success at finding any improvement at Polydyne 
X it was decided to evaluate this in more detail using this as a standard 
which might possibly be improved upon by different polynomial functions 
at a later date. The motion controls for Polydyne X and Polydyne XI were 
used to design polydyne profiles for the lower engine speed of 4000 rpm 
resul ting in the much smoother curves illustrated in figures 5.9 and 
5.10. The smoothness is of course due to the reduced fourth derivative. 
component, the contribution of which is proportional to the square of 
the speed so the relatively better vibration characteristics of polydyne X 
should be maintained even though they are .less apparent at these lower 
design speeds. These were identified as Polydyne XVII and XVIII. 
As a last trial the effect of reducing the rate of rise of the 
first peak was investigated by specifying that the sixth derivative 
should be zero at the start and end of the motion whilst keeping the 
other conditions as for Polydyne XVII and XVIII. This variant was 
unsuccessful with the Polydyne XVII conditions causing a positive 
acceleration period after the desired flank period but Polydyne XX.using 
the control over seven derivatives at the midpoint was more of interest 
and is plotted in figure 5.11. The peak .has been increased by the 
control over the. secondary deri vati ve but the rate of rise is definitely 
reduced and the first peak is now three and a half degrees from the 
opening event instead of only two. The choice of design speed for this 
profile unfortunately does not allow a full examination of the effects 
of the motion controls on the fourth derivative but there might possibly 
be some gains to be made by using this extra control, particularly in 
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the region of valve closing. 
5.3 The evaluation of the performance characteristics of Polydyne cams 
In order to test the validity of the operational performance of 
these designs it would normally be necessary to cut a master cam and 
embark· on the process of grinding the profiles on a camshaft and resorting 
to laborious experime~tal work to evaluate the design. However section 3 
has described the seven mass valve gear performance program that has proven 
success with the particular system the particular system these cams 
were designed for. Accordingly a number of runs 9f the program were 
made using the designs for Polydyne cams described in this section. Two 
designs are examined here, Polydyne X and Polydyne XVII. As mentioned 
before the tappet clear.ance was reduced for these tests to the same value 
as the solutions presented in the earlier discussion of the standard cam 
performance. This should in some measure improve the performance of the 
cam profile at the seating event. 
Figure 5.12 illustrates the linkage load response of the Polydyne X 
profile at 4000 rpm engine speed which is a little way above the 
transition speed of approximately 3500 rpm for this profile. Comparison 
with the corresponding result for the standard cam illustrates that the 
vibration levels are markedly reduced. Valve bounce height was calculated 
at .00435 mm for the first bounce after closing. 
Figure 5.13 illustrates response of the same system at the engine 
design speed of 5000 rpm. The variations in the load are extremely 
small with a minimum load near the maximum lift position of 430 N. This 
diagram may be compared with the result for the standard cam that resulted 
in· linkage separation at this speed. It is noted also that the bounce 
height of the valve at closing is reduced to a figure of less than 
.0038 mm. 
Figure 5.14 illustrates the response of the same cam design Polydyne X 
at a speed ten per cent above the design speed. Previous workers have 
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suggested this as a maximum overspeed for Polydyne designs but clearly 
this profile is controlling the vibration in a perfectly adequate manner 
and there is still a margin for overspeed before separation occurs. The 
bounce height predicted for this design at this speed was increased to 
.0091 mm. 
Figure '5.15 illustrates the response of Polydyne XVII at its design 
speed of 4000 rpm. As expected the flank acceleration peaks are larger 
than those predicted for Poly dyne X at the same speed because of the 
lower degree of compensation in this profile. The' control over the 
vibration is slightly superior to that for Polydyne X at' this speed but 
the surprising result is that the bounce is higher at .0055 mm than for 
Polydyne X. 
Figure 5.16 illustrates the response at 5000 rpm and it is clear 
that the vibration levels are increased markedly in comparison with the 
performance of Polydyne X 'at this speed. Valve bounce is increased to 
.0137 mm but the standard cam had separated by this speed so the perfnrmance 
must be considered an improvement. 
Figure' 5.17 shows that Polydyne XVII is Just at the ultimate speed, 
limit as far as separation is concerned at 138% overspeed. Valve bounce 
has increased to .0236 mm and the rapid early drop in the linkage load 
indicates that the separation of the linkage has taken place before the 
valve hit the seat. The extremely high flank accelerations generated 
necessitated their omission to keep the plot on the same scale. 
In summarising these results it can be seen that the po1ydyne cam 
technique does behave in its predicted fashion to a large extent. 
Vibrat'ion is definitely reduced to a very low level at the design speed 
and th,ere is a considerable overspeed potential. Improvements might be 
possible if better polynomial functions could be found and it is intended 
to'pursue this objective further. One of the problems that does exist 
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however is the apparent contradictory behaviour of the closing event 
and the lack of control of the valve motion near the seat even above i·he 
deSign speed where seating conditions would be expected to show improvement. 
In order to make use of this compensation technique at the lower speeds 
suggested, there is obviously a need to search for further improvements. 
The next section deals with attempts to improve the modelling of the 
system and to widen the scope of the polynomial functions that may be 
used. 
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TABLE 5.1 
BOUNDARY CONDITIONS DEFINING POLYDYNE VALVE MOTIONS 
N.B. In all cases the lift, velocity, acceleration and third and 
fourth deri vat! ves are as follows: .25 mm/ / ±.01 mm/deg/ /0/ /0/0/ 
at the start and end of the motion. 
In all cases the lift velocity and acceleration at the midpoint 
are defined as 4.7 mm//0//-.0044 mm/deg 2// • 
The values. of the higher derivatives .in each case, and any 
intermediate conditions are tabulated below. 
Poly dyne Start Intermediate Angle Midpoint Design Figure 
Condition Speed No. 
III - - - - 2500 5.1 
IV 
- - -
0/0 2500 5.2 
V - - - 0/0/0/0 2500 5.3 
VI - - - 0/0/0/0/0/0 2500 5.4 
VII - 1.6/ .1/0 23 0/0 2500 -
VIII - 1. 6/ .1225/0 23 0/0/0/0 2500 -
X 
-
1. 75/ .1225/0 21 0/0 2500 5.5 
XI 
-
1.75/.1225/0 21 0/0/0/0 2500 5.6 
XIII 
-
1.75/.12/0 21 0/0 2500 5.7 
XIV 
-
1. 75/ .125/0 21 0/0/0/0 2500 5.8 
XV - 1.725/.1225/0 21 0/0 2500 -
XVI 
-
1.775/.1225/0 21 0/0/0/0 2500 -
XVII - 1.75/.1225/0 21 0/0 2000 5.9 
XVIII - 1.75/.1225/0 21 0/0/0/0 2000 5.10 
XIX 0// 1.75/.1225/0 21 . 0/0 2000 -
XX 0// 1.75/.1225/0 21 0/0/0/0 2000 5.11 
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SECTION 6 
INVESTIVATIONS OF IMPROVEI.IENTS TO TilE UNDAMPED SINGLE DEGREE OF 
FREEDOM MODEL FOR THE POLYDYNE TYPE CAM DESIGN 
6.1 
6.1 The Introduction of Damping Terms to the Single Degree of Freedom 
Model 
In view of th~ great care taken in section 3 to improve and perfect 
the hlodelling of the valve gear system, the use of an single degree of 
freedom undamped model to represent the response does appear to be an 
anachronism. There are obvious advantages to be gained at design speed 
if the system is modelled more accurately, but there are difficulties 
involved if we attempt to predict the effects of any such improvements 
at other speeds by analytical means. For this reason the treatment in 
this section will be to discuss trends in the 'effects of changes to 
parameters of the system on the response of a standard polynomial cam 
and then to examine the changes wrought in the polydyne cam by the 
inclusion of these terms in the calculation procedures. 
The first and easiest term to deal with is the external damping of 
the valve mechanism which is defined as the forces produced in opposition 
to. the absolute velocity of the valve equivalent mass, This damping will 
be the result of the resistance to motion as the valve moves in the 
guide, the forces opposing the rotation of the rocker on its shaft or 
stud support, and perhaps a slight contribution from the rotation of the 
valve and twist of the valve spring as valve motion takes place. The 
type of damping function required to model the true effects of these 
terms will be one, a combination of two, three, or four, from the 
following categories. A damping force proportional to the absolute 
velocity and defi'ned by. the relationship,force equals some constant 
times velocity. A force of similar direction that is proportional to 
the velocity raised to some power. A force that is constant in magnitude 
6.2 
but which opposes the direction of motion of the valve. A force that is 
proportional to the load on the system and opposes the direction of motion 
of the valve. 
If the first type of damping term is examined and we also consider 
the main characteristics of the velocity of the valve motion it can be 
seen that the effect of this extra force on the system will be to increase 
the compression of. the linkage in the opening period and decrease the 
compression of the linkage in the closing period. This extra compression 
will be a maximum at the opening flank nose junction, zero at the start, 
maximum lift and end of the valve lift event, and a maximum reduction in 
load will take place at. the closing flank nose junction. The normal 
vibration induced variations in the valve lift curve from the desired 
function curve will have only the minutest effect on any of these damping 
terms since they are never large enough to change the sign of the velocity 
• over the main part of the curve. The beneficial effects of this type of 
damping term are in the increased compressive load at the flank nose 
junction in the opening period, where the extra load may be sufficient 
to overcome the possibility of a vibration induced separation of the linkage. 
The decrease in the linkage load on the closing side of the nose is 
further from the start of the motion and therefore transient vibrations 
will have been naturally reduced to a lower level by the internal damping 
of the system. On the closing flank the reduction in the compression of 
the linkage will lessen the possibility of an early closure of the valve .. 
If the motion of the valve in its guide is making a major contribution 
to this damping term then the effect will be to reduce the amplitude 
of bounce at closure but to increase the length of time that the bounce 
is sustained as it is in free flight. 
Such damping term may be easily . included in the polydyne equation 
of motion as illustrated below. The computer oriented terminology is 
used here for the equations of motion as described in the latter part 
of section 5. Here DE is the external damping coefficient expressed in 
6.3 
Newton seconds/mm. 
M.FF.36.RPMZ + DE.V.6.RPM + (kl + kZ)'CC = kZ(ct) (6.1) 
From which we obtain the following relations for the lift velocity .and 
acceleration of the resulting polydyne equation expressed as a function 
of degrees of cam rotation. 
Cam Lift cR. = M.FF.36.RPM
Z + DE.V.6.RPM + (k] + kZ)'CC (6.2) kZ 
Z 
Cam Velocity M.G.36.RPM + DE.FF.6.RPM + (k] + k Z)' V (6.3) = kZ 
Cam Acceleration M.I!.36. RPM
Z + DE.G.6.RPM + (k, + k 2 )·FF (6.4) = kZ 
Clearly the design including such a damping term may be easily performed 
by direct substitution of the values from the' polynomial data for 
CC, V, FF, G, and H. If the function is continuous in all these 
derivatives and they also all start and end with zero values, then the 
resulting cam function will be an acceptable function to satisfy the 
dynamic accuracy requirements of the single degree of freedom model. If 
a symmetrical valve motion function is chosen for the design the 
introduction of any kind of velocity function into the calculation will 
lead to some degree of asymmetry into the lift, velocity and acceleration 
curves of the resultant cam, the amount obviously depending on the value 
of. the damping coefficient. The most important aspects of these changes 
will be displayed in the acceleration function for the cam where the 
magnitude of the negative acceleration will be increased in the region 
of the opening flank nose junction and reduced in the area of the closing 
flank nose junction. This will tend to reduce the spring load margin at 
the early part of the negative acceleration period where the transient 
vibration levels are highest. At speeds other than the design speed 
the possibility of separation is increased by this modification. At 
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the value closing event the tendency of the polydyne cam to produce a 
late closing of the valve at speeds below the design speed will.be. 
accentuated by the reduction in the last part of the closing flank 
acceleration. Since these are both undesirable features it would seem 
to be sensible to ignore this factor altogether in the calculation and 
trade off a slight variation from the desired valve motion at design 
speed for an improved performance above and below the design speed. 
Clearly this type of external damping is acting to improve the overall 
performance of the system. 
The second form of damping, proportional to some power of the 
absolute velocity will produce broadly similar effects to the above for 
both the polynomial and polydyne type of cam profile, but the effects 
on spring load margin for the opening flank nose junction and the increased 
tendency to late closure of the valve, will b~ proportionally larger as 
the power of the velocity term is increased. The term may be reproduced 
in the polydyne calculations by raising the term (V.6.RPM) to the required 
power for the cam lift calculation expressed in equation (6.2), and the 
corresponding terms for the equations (6.3) and (6.4) for velocity and 
acceleration. Clearly the effect of raising the velocity, acceleration 
and jerk to any power will also result in polynomial functions that have 
the same number of zero conditions as the original terms and are of higher 
order than the original functions. Since there will therefore exist no 
di.scontinui ties in the deri vati ves of low order of this extra function, 
the validity of the single degree of freedom model will not be threatened 
by this extra term, even though it is non-linear. The arguments made 
above about the lack of benefits to the dynamic response of a cam 
containing corrections for external velocity proportional damping will 
however apply equally to this type of damping and so the best course of 
action is to ignore this term in the calculation of the polydyne cam 
profile. Problems that would arise in the definition of the start and 
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end conditions to match a constant velocity ramp with both these types 
of damping for the polydyne cam designs will therefore not be considered 
here. 
The last two categories of external damping have the common features 
of 'coulomb type' friction, but the load proportional type of damping 
applies to components of the system that are loaded in proportion to the 
linkage compression, the main item in this category being the rocker 
support bearing, and the constant force damping will be the result of 
the motion of parts where load changes are relatively small, such as the 
valve stem-valve guide interface. 
The equation of motion for the system with constant ·force magnitude 
friction may be written: 
(6.5) 
V 
where DEc is the magnitude of the force and TVT defines the direction of 
the absolute velocity of the valve mass . 
. The equation for the calculation of the polydyne profile will 
therefore be as follows: 
Cam Lift ct = M.FF.36.RPM2 + DEi'j + (k1 + k1)'CC 
k2 k2 V k2 
(6.6) 
The effect of this term on the polynomial cam will be to introduce 
a step increase in the load of the linkage as the motion starts, in 
addition to that introduced by the static spring force, a sudden drop in 
load as the valve reaches the maximum lift position and an increase in 
load as the valve motion stops that will bring the load change at valve 
closing.back to the magnitude of the static spring force. If ramps are 
used in the cam design the effects of these discontinuities at the start 
and end of the motion will be removed to the ramp period and will 
generally be beneficial. The discontinuity in load at the maximum lift 
pOint will be a vibration inducing feature, the importance of which will 
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depend on the magnitude of the term DEc and the phasing of the linkage 
vibrations at that point. Generally this term will be quite small. 
Inclusion of this term in the polydyne calculation will result in a 
symmetrical cam profile containing a displacement of the whole closing 
part of the curve along the line of symmetry. The resulting step change 
in the cam profile is difficult to reproduce and invalidates the single 
degree of freedom ~odel. This type of damping force is therefore best 
ignored in the design calculation, even though it is a constant term for 
any speed of operation. 
The load proportional damping term will also produce a step change 
in the resulting cam profile if the term is included,as the following 
equations of motion. and design indicate 
Cam Lift cR. (6.8) 
where DEL is the dimension less friction coefficient in terms of force 
per unit load. The magnitude of the step produced in the cam profile at 
the midpoint would be 
M.FF.36.RPM2 + «DEL + 1). k2 + lq).CC M.FF.36.RPM2 + 
k 2 (1 
(6.9) 
Since the magnitude of the force change at the maximum lift point would 
result in step change in the cam profile, the process of including this 
term in the calculation is not recommended for the single degree of 
freedom model. For any. type of.model that would better represent the 
higher modes of vibration of the linkage it is noted that the resulting 
poly dyne cam profile would drastically over compensate the motion for 
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speeds higher than the design speed, where the load at maximum lift 
would be reduced, due to the inertia of the valve mass. 
It is concluded that for all types of external damping the most 
effective method of ensuring satisfactory motion of the system is to 
ignore these terms in the polydyne calculation. 
The other types of damping, referred to as internal damping in this 
presentation, are those dependent on the relative velocity of the parts 
of the system. In the single lIlass model the damping force is a function 
of the differences between the velocity of the cam follower and the valve 
equivalent mass. Although all types of the above categories of absolute 
velocity damping terms may exist in relative velocity form, it has been 
found satisfactory to assume an equivalent velocity proportional or 
viscous damping term to represent the effects of movements between the 
parts of the linkage. The resultant equations of motion and design are 
formed as follows: 
M.FF.36.RP~12 + 01 .V.6.RPM + (k 1 + k2).CC = k 2.cR. + 01. d cR. 6 RPM dt . (6.10) 
Cam Lift cR. = M.FF.36.RPM2 + OI.V.6.RPM + (kJ + k2)'CC (6.RPM.OI.D + k2) 
(6.11) 
where 0 is the differential operator and DI the internal damping coefficient 
expressed in Newtons per mm per second of relative velocity of the cam 
and valve mass motions. 
The velocity and lift of the resultant cam profile represent the 
solution of the first order differential equation·(6.11). 
Having obtained a solution for the above equation for cR. and 0 cR. the 
acceleration of the resulting damped polydyne profile is expres·sed by 
the following relation. 
Cam Acceleration = M.G.36.RPM
2 
.. OI.FF.6.RPM + (kJ + k2)' V - k2'O eR. 
6.RPM.DI 
(6.12) 
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The effect of this damping term·on the response of a system to a 
polynomial cam input is to provide an additional force in the linkage. 
that reduces the variations in the valve lift curve from the desired 
motion. The transient terms are also damped out and this reduces their 
effect on the valve closing event. There is a slight delay introduced 
into the response of the valve mass, but with damping coefficients of 
the order of .1 this delay is very slight, less than one degree of cam 
rotation at mid range engine speeds. 
If this term is not included in the polydyne design the effect is 
to overcompensate the cam profile for the vibrations due to the acceler-
ation function at the design speed. This leads to a relatively inferior 
performance at speeds below the design speed and an increased possibility 
of late closure of the valve. Although the magnitude of the acceleration 
compensation component of the polydyne profile may be appropriate to a 
higher speed, the existence of the damping in the real system will mean 
that there is an effective phase lag between the response command relation-
ship. The inclusion of this damping term should ensure that the design 
speed is appropriate for the best performance and that phase variations 
would be spread equally in the low speed and high speed range to improve 
the band width of acceptable motion control. 
One of the first problems that occurs when using this technique is 
to set appropriate starting conditions for the motion so that there is 
no. sudden change in the lift, velocity or acceleration of the resulting 
cam design. Clearly if the lift velocity acceleration and jerk of the 
required motion (CC, V, FF, G) are set to zero then the condition that 
the resulting cam lift, velocity and acceleration are also zero satisfies 
relations (6.11) and (6.12). Preliminary trials were made using these 
initial conditions, but there are objections to any attempt to correct 
for the sudden increase in the linkage load as .the valve is lifted from 
its seat, as indicated in section 5. The continuity of the resulting 
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cam profile is improved by the inclusion of the damping term in comparison 
with the undamped case, but the difficulty of ensuring exact timing of' 
the cam lift with ,changing clearances renders this type of solution 
unsuitable for practical application. The other method of introducing 
effective zero start conditions for the motion is to use an inflected 
ramp with zero velocity at the start and fini'sh of the ramp period. This 
solution wastes a considerable period of the available drive time and is 
a possible Cause of problems at the valve seating event, so similar 
start conditions to the undamped polydyne case were specified to match to 
a constant velocity ramp. This enabled the same specified motions and 
ramps to be used as for the polydyne cams, but inspection of equations 
6.10, 6.11 and 6.l2,shows that inconsistencies remain which introduce 
discontinui ties, into the cam profile. 
If the valve lift CC is set to .25 mm, the velocity V to .01 mm/deg 
and the acceleration and jerk to zero at the start of the motion, then 
if the resulting cam lift c~ is specified as (k) + k2) CC as in the 
k2 
undamped case, the cam velocity needs to be set to .01 mm/deg to 
satisfy equation (6.10). This then introduces a non zero value into the 
acceleration equation of the following magnitude. 
Acceleration Error = ~~k~)7'~V~ 6.RPM.DI (6.13) 
which for the lowest ,design speed chosen amounted to +.0002 mm. This 
error could be eliminated relatively easily from the starting conditions 
by a simple iterative process, but since it is small and approximately 
of the order of the expected machining errors in the cam profile it was 
decided to ignore it. 
The more important errors in the continuity of the profile due to 
this design process in fact occur at the end of the event, where the 
integration of the design equation does not guarantee that the lift, 
velocity and acceleration of the resulting cam profile will match those 
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values specified at the start in order to join with a symmetrical 
closing ramp. There are a number of ways of improving this situation ~o 
that continuity of the lift and velocity of the resulting cam profile 
are assured and the acceleration discontinuity may be brought down to 
a negligible level. 
It will be noticed that the spec~fication of equations (6.11) and 
(6.12) for the solution of the cam profile allows the removal of one of 
the boundary conditions of the undamped polydyne cam function, that the 
rate of jerk should be zero at the start of the motion. With this 
restriction lifted, the acceleration peaks of the resulting polydyne 
profile should become less acute because of the freer variations allowed 
to the fourth derivative. At the start and end of the motion however 
the removal of the boundary condition that the fourth derivative should 
be zero results in larger initial rates of acceleration,and at the end 
of the integration of equation (6.11)' a substantial positive acceleration 
discontinuity is present. The obvious way to overcome this difficulty 
is to all~w the integration to proceed for another degree or so of cam 
rotation until the velocity and the acceleration of the cam profile 
reach the ramp velocity and acceleration values. The height of the 
ramp is reduced by this solution but only by a negligible amount. With 
end conditions that have the minimum of the acceleration and jerk values 
set to zero the function representing the valve motion diverges rapidly 
in'its higher derivatives, particularly those defining the acceleration 
of the cam profile, which are of course the higher defined derivatives 
of acceleration and jerk of the valve motion. If the rate of jerk is 
set to zero at the start and end of the 'defined motion this divergence 
is reduced and the acceleration of the cam profile drops to zero between 
the notional end point of the valve motion function and the next degree 
of cam rotation. The situation is improved by further increases in the 
number of derivatives set to zero at the end of the motion, but this 
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restriction increases the peak variations in the second and tnird 
derivatives that determine the magnitudes of the peaks in the acceleration 
curve of the resulting cam profile. For this reason it was decided that 
the best solution was likely to be the definition of the same number of 
zero.conditions at the start as for the undamped polydyne designs and 
this allowed direct comparison of the response of the two types of 
design for the same defined valve motion. 
One of the characteristics of the 'resulting cam profiles is that they 
are unsymmetrical, although only to a small degree. In the plots of cam 
acceleration reproduced in this section most of the diagrams show the 
opening and closing portion of the acceleration curve, to illustrate this 
difference. The opening acceleration is defined by a continuous line 
and the closing acceleration by a broken line. In the negative acceleration 
period in all cases the differences are too small to be distinguishable 
on the scale chosen. 
Figure 6.1 shows the resulting cam acceleration for the same valve 
motion as polydyne X and the same design cam speed of 2500 rpm. The 
variations from the undamped case are fairly small and primarily consist 
of a slight reduction in the two peak heights at opening, and a reduction 
in the depth of the trough between them. On the closing side the first 
peak encountered in the direction of rotation is increased slightly, the 
trough is deeper and the last peak ,is lower than for the opening damped 
or· undamped case. This design is labelled Damped Polydyne I for reference 
purposes. 
Figure 6.2 shows the damped design acceleration curve for the same 
valve motion at a lower design speed of 2000 rpm which are identical to 
the conditions for the undamped polydyne design number XVII. This design 
labelled damped polydyne 11 shows the same kind of trends from the 
und~mped to damped design, namely a reduction in the peak heights or 
trough depth on the opening side and an increase in the, first encountered 
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peak and trough on the closing side. The last peak is reduced in height· 
in comparison with the un damped and opening damped case. 
Damped Polydyne III which is plotted in Figure 6.3 shows the effect 
of increasing the number of zero derivatives at the start of the motion. 
This compares with the undamped Polydyne XX case and shows contradictory 
features from the two previous solutions, in that the peak height at 
opening is increased in the damped solution. This may however be due to 
a reduction in the accuracy term which waS necessary in order to solve 
the program within the time reslrictions placed by the Lanchester 
Polytechnic Digital Computer Facility. The closing curve is not plotted 
because it proved impossible to complete the full solution. The ,:time 
required for solution increases markedly with any increase in the number 
of specified boundary conditions and is also increased if the design 
speed is reduced. 
Damped Polydyne IV specifies the, same valve motion as the previous 
solution, but a higher design speed of 2500 rpm cam. No undamped equiv-
alent of this motion was run but the increase in the peak heights as the 
zero derivatives are increased is obvious from the plot in Figure 6.4. 
The relations between the opening and closing peaks return to the trends 
observed in the first two solutions. 
Damped Polydyne VIII plotted in figure 6.5 is the damped version 
of Polydyne XVIII which shows the expected relationships between the 
ope,ning and closing peaks but again repeats the unusual behaviour of 
Damped Polydyne III,in that the first opening peak is higher than in 
the undamped case,despite a higher accuracy term. If these two motions 
are compared then the common feature is the speCification of additional 
zero derivatives at the midpoint of the motion. This would suggest 
that the inclusion of these extra restrictions has some unusual effect 
on the relation between the second and third derivatives in the initial 
stages of the valve motion, which is not overcome by the extra derivative 
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specified at the start of the motion for Damped Polydyne Ill. 
Figure 6.6 plots the solution. of Damped Polydyne XI which is the' 
solution using a reduced number of zero derivatives at the start and 
end of the event. The closing event solution clearly indicates the 
problems involved in reducing the acceleration to zero at the end of the 
motion if the higher derivatives are uncontrolled, but the high first 
peak in the opening flank could produce problems in the iater response 
and would seem to be difficult to fabricate. 
The computer program producing these solutions is baSically an 
intermix of the polynomial and dynamic performance programs and is 
reproduced at the end of this chapter with a sample solution. The 
philosophy is to carry out the tabular calculations for the polynomial 
function in the master segment which ·also controls the entry to the 
integration routine. The integration routine'then calls the routine 
containing the equations of motion which contain the rest of the 
calculations required to form the valve motion function and its higher 
derivatives. Tbese are then available to any required accuracy as the 
integration advances, and the master segment controls the print out of 
the valve motion, lift velocity and acceleration and the resulting cam 
lift, velocity and acceleration as the integration proceeds. A high 
specified accurapy for the integration is required in the regions of the 
positive acceleration peaks in order to obtain reasonable values for the 
acceleration variations in the resulting cam profile. The accuracy term 
was originally set at .00025 mm for the integration, 7educed to .000025 mm 
and later increased to .000125 mm in order to complete the closing flank 
acceleration within the allowed run time. Tests on the difference in 
dynamic response predicted by solutions of identical problems containing 
high and low accuracy terms showed relatively small differences between 
the vibration response and valve bounce heights. The trend was towards 
an improvement in response on both counts as accuracy was increased, so 
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there is the possibility of improving the designs if the program is 
streamlined or allowed to run on a faster machine. 
Dynamic response plots are now presented for the same valve motions 
dealt with in section 5, in order to allow direct comparison between 
the damped and undamped designs. The system parameters are identical. 
The first design considered is that of Damped Poly dyne I which is 
the damped version of Poly dyne X and specifies a design speed of 2500 rpm 
cam. Figures 6.7, 6.8 and 6.9 plot the predicted pushrod load for the 
damped polydyne response at cam speeds of 4000 rpm, 5000 rpm and 5500 rpm 
respectively. These may be compared directly with Figures 5.12, 5.13 and 
5.14 for the undamped solution. They are astonishingly alike and could 
well oomistaken as identical over most of the negative acceleration 
period, The most noticeable differences in the response occur at the 
end of the cycle where there are small differences in the load variation 
o 
as the valve linkage encounter", the ramp at 240 cam rotation. The 
heights of the first bounces of the valve after the seat impact are not 
identical however, but neither is the trend firmly established to favour 
one design technique more than the other. At 2000 rpm cam speed the 
valve bounce height for the damped polydyne was .0022 mm compared with 
.0043 mm for the undamped case. At 2500 ·rpm cam speed, the design speed, 
the valve bounce height for the damped polydyne was .0039 mm compared 
with .0031 mm for the undamped case. At 2750 rpm cam speed the valve 
bounce height for the damped polydyne was .0069 mm compared with .0091 mm. 
Although the damped polydyne retains the better average improvement, it. 
seems rather contradictory that this more accurate solution results in 
a worse performance at the design speed as far as valve bounce is 
concerned. One P?ssible explanation lies in the size of the acceleration 
of the damped polydyne cam profile,which was relatively large at the end 
point of the valve motion period at .0036 mm/deg2 • This quickly dropped 
well below zero at the next degree of cam rotation and the fitting for 
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the ramp was adjusted to arrive at zero acceleration after a quarter of 
one degree by means of a linear interpolation of. the computed solution. 
Although this appeared to fit· in well with the reduction in the velocity 
term there is possibly a need for a reappraisal of such techniques when 
dealing with these relatively large residual terms. 
The problem is rendered much simpler however when running at a 
lower design speed. and the next solutions for dynamic response are those 
calculated for Damped Polydyne 11 with a design speed of 2000 rpm cam. 
The predicted pushrod loads are reproduced in figures 6.10, 6.11 and 
6.12 for 2000 rpm cam, 2500 rpm Cam and 2750 rpm cam respectively. The 
end point acceleration error is reduced to almost half the higher speed 
case dealt with above, and this reduces the size of any errors that may 
be introduced into the cam by the blending process to fit with the ramp. 
Damped poiydyne 11 is the damped version of the undamped Polydyne XVII, 
the dynamic response of which is reproduced in figures 5.15, 5.16 and 
5.17. 
Comparison of the response at the design speed of 2000 rpm indicates 
a slightly higher level of vibration for the damped solution in the 
negative acceleration period, which appears to be unpromising but 
.fortunately the valve bounce heights are definitely favourable to the 
damped polydyne solution. At 2000 rpm the damped polydyne yielded a 
bounce height of .003 mm and the unda~ped a height of .0056 mm. At 
2500 rpm cam speed the damped polydyne definitely produces a lower level 
of vibration than the undamped case, :the margin of spring load still 
available being double that of the undamped solution at 270· N·ewtons 
against. 135 Newtons. The valve bounce height is .0091 mm for the damped 
and .0138 mm for the un damped design. As the speed of the cam rotation 
is increased the undamped design is just about to separate during the 
cycle at 2750 rpm cam speed whereas there is still a·.load margin of 
100 Newtons for the damped polydyne. At this speed the magnitude of the 
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valve bounce is still in the favour of the damped polydyne at·.019 mm 
against .0236 mm, even though, the load diagrams clearly show that both 
systems have resulted in a linkage bounce off the ramp, before the 
valve hits the seat. 
The net result of these arguments would indicate that there is 
a potential advantage to be gained by including the internal damping 
term in the calculation for a polydyne type cam profile. The argument 
is particularly strong for lower design speeds and it appears that the 
dynamic performance of the system is improved at' speeds above and below 
the design speed. The narrow bandwidth of acceptable response has been 
one of the main objections to the polydyne technique and any improvement 
would appear to be worthwhile. 
This investigation. of the effect of the damping term has more 
potential; particularly in the specification of better polynomial 
functions and end conditions. The writer however was also interested in 
the effects of the spring and the next part of this section considers 
improvements that may be possible using compensation for this term. 
6.2 Investigations of the inclusion of Spring Characteristics in 
Polydyne Design Calculations 
The previous studies of the effects of dynamic compensation for the 
linkage flexibility and damping have still left us with a situation where 
there exists a vibration of the linkage, even at the design speed, with 
compensated cam designs. It is a grave error of judgement to say that 
the compensated cam does not lessen the possibli ty of separation because 
it can and should be able to limit the vibration of the system completely 
up to the 'valve crash' speed where the force of the valve spring exactly 
balances the inertia force of the valve mass due to the designed negative 
acceleration of the valve motion function. Examination of the dynamic 
response plots for the compensated cams described in section 5 and in 
this section, indicate that there are still vibrations taking place in 
6.17 
the system due to effects other than the straightforward linkage 
flexibility and damping. Although this may be partly due to the ramp-
impact there is good reason to suppose that the spring is playing a 
considerable part in this' deviation from the desired response. The 
studies of section 3 would indicate that the spring forces acting on the 
valve mass cannot be equated to the spring rate times the deflection and 
although there is reason to believe that the polydyne cam may improve 
this situation, as indicated in section 5, there may exist other 
advantages that 'are hidden by the complexity of the system if any 
analytical assessment is made. 
The problem of defining the model is not difficult, since it ,is 
fairly obvious that, the lumped mass models used for the dynamic perform-
ance analysis will be suitable. In fact studies were initiated using 
a single coil mass for the representation of Spring inertia, but since 
little extra effort was involved in reproducing the whole of the seven, 
mass model developed for analytical work efforts were concentrated on 
the formation of the correct forms of the equation for the design 
calculation using the data already established to perfect the performance 
prediction technique. As in the previous case for the damped polydyne, 
the starting conditions chosen are important, in order to ensure continuity 
of the cam profile at the ramp junction. In this case, with the spring 
masses free to generate vibrations the starting conditions must equally 
be. applied to them. 
The philosophy of the design process is to specify a valve motion 
that will act as an input to the spring sub system. The solution of 
this problem provides a true measure of the spring load fluctuation as 
the valve undergoes the desired valve motion, and so the force function 
of the spring load between the specified motion and the adjacent coil 
mass replaces the simple linear relationship between lift and spring 
force that Is assumed in the previous damped polydyne model. The 
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integration of the equations· for the valve spring response and the cam 
design process may be carried out simultaneously if all the equations 
are specified in the subroutine. The relevant subroutine for this design 
is reproduced at the end of this section and is contr·olled by a master 
segment almost identical to that for the damped poly.dyne design. 
Initial trials were carried out with zero start conditions for the 
valve motion and if such a procedure could be justified this should 
result in perfect control of the valve motion at the design speed. It 
was also hoped to extend the analysis to calculate the resonance 
amplitudes of the spring loads if ·necessary, by simple harmonic analysis 
and superposition of the responses for the linear spring model. In view 
of objections previously raised to the inclusion of thereating event in 
po1ydyne type calculations the investigation was switched to the definition 
of solutions with conventional ramps which 1e~d to the negation of some 
of the more desirable features of the ability to include spring response 
in the design since transient spring vibrations will already have been 
generated by the ramp event. 
Two solutions are presented here, the first deSignated Multi VI and 
plotted in figure 6.13 has the s&me valve motion and design speed 
specification as Polydyne X and Damped Po1ydyne I. Comparison with 
Fig. 6.1 reveals that the acceleration peaks are increased in the mu1ti-
mass solution and that there are variations in the negative acceleration 
period that result in the maximum negative acceleration being pushed 
away from the midpoint of the motion. These would appear to be 
unfavourable features. 
The dynamic performance solutions for this design seems to confirm 
the doubts expressed above. The linkage load response at the design 
speed of 2500 rpm cam, plotted in figure 6.14 does show slightly smaller 
variations over the central period than the damped or undamped case but 
the valve bounce height is nearly twice that of the undamped solution, 
at .0059 mm. At the speed of 2750 rpm cam the response plotted in 
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figure 6.15 is sli"ghtly worse than the damped polydyne design plotted in 
figure 6.9 and the bounce height is' again higher at .0079 mm. 
At 2000 rpm cam speed the response is not markedly different from 
the damped or undamped case as may be seen from the plot in figure 6.16. 
The vibration amplitudes are slightly larger but the valve bounce height 
is slightly smaller at .002 mm. 
The second design uses the same valve motion at a design speed of 
2000 rpm cam, and may be compared directly with Damped Polydyne 11, that, 
showed significant gains over its undamped equivalent. The acceleration 
curve of the resulting cam profile is presented in figure 6.17. The 
variations from a smooth curve are reduced as expected for a lower 
design speed and this solution was designated Multi IV. 
The linkage load response for this proifle is plotted in Fig. 6.18 
at the design speed and this shows only marginal differences from the 
damped polydyne response plotted in figure 6.10. The bounce height is 
slightly reduced to .0028 mm. At higher speeds the dynamic behaviour of 
this profile falls almost exactly half way between the damped and 
undamped designs, both for spring load margins and for valve bounce 
height. 
The lack of success with this design technique indicates that the 
valve spring vibrations due to the ramp impact are more important than 
the forced response effects on the vibration of the system for pblydyne 
type designs. This seems to confirm the simple analysis of section 5 
which suggested that polydyne designs by themselves tended to reduce the 
level of spring surge. If it is desired to try and completely eliminate 
vibrations at a certain speed of rotation then it is theoretically 
possible to do this without invalidation of the model by adjustment of 
the initial conditions as indicated below. 
~he initial conditions specified to produce these multi mass cam 
designs were based on similar lines to the damped polydyne profile. The 
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lift of the cam at the end of the ramp was set to the undamped polydyne 
value and the velocity to the specified valve motion velocity. This 
eliminated discontinuities in the lift and velocity for the designed cam 
profile but not for the acceleration Which had a small discontinuity at 
the start and a larger value at the end, as indicated for the normal 
damped polydyne profile in section 6.1. The spring masses were set to 
initial conditions for displacement and velocity that assumed a linear 
reduction of the valve motion values from the mass closest to the valve 
mass to the mass closest to ground. For our masses this meant that 
mass number 6, or AM(6) in the program had an initial displacement and 
6 
velocity of 7 times that for the valve motion, mass number 5 or AM(5) 
5 had a value 7 times the valve motion conditions. In the form of 
equations presented in the portion of the computer program at the end 
of this section these values were required to·be multiplied by the 
rocker ratio. This type of specification appeared to give the least 
variations in the negative acceleration period, but are obviously not 
the true starting conditions of the system. If the valve motion is 
specified from these conditions that may be calculated for the response 
of the system to the ramp event then the initial conditions of the 
multi mass design program may be set to the final conditions of the 
performance program for that input. This would however increase the 
variations in the acceleration curve for the designed profile and although 
it,may produce correct motion at the design speed, it is likely that the 
bandwidth of acceptable behaviour might be reduced. 
In conclusion it appears 'that the damped single mass polydyne 
profile,offers advantages over the undamped and the multi mass type 
particularly at speeds away from the design speed and for lower design, 
speeds. The damped polydyne designs also have superior performance over 
the speed range considered to either of the polynomial profiles dealt 
with in section 4. Although the plots are not reproduced here the 
• 
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results of higher speed performance predictions for polynomial XVIII 
showed that this Was very close to separation at 2500 rpm cam speed aqd 
was in free flight for a considerable part of the cycle at 2750 rpm. 
Polynomial IV which has considerably poorer breathing capacity than the 
damped polydyne designs had the same margin of spring load at 2750 rpm 
but consistently .larger valve bounce values through the speed range. 
Table 6.1 lists the boundary conditions and design speeds for the 
Damped Poly dyne designs discussed in this section. 
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TABLE 6.1 
PLOTS OF DA~WED POLY DYNE CAM ACCELERATION 
Boundary conditions minimum requirements. At start and end of motion 
Lift = .25 mm, Velocity ±.01 mm/deg, Acceleration 0, Jerk O. 
At midpoint minimum Lift 4.7 mm, Velocity 0, Acceleration -.0044 mm/deg2 , 
Jerk 0, Rate of Jerk O. Design speed quoted in cam rpm. 
Damped Start Intermediate Angle Midpoint Design Figure Polydyne Conditions Conditions Conditions Speed No. 
I 0 1. 75/ .1225/0 21 - 2500 6.1 
II 0 1.75/.1225/0 21 
-
2000 6.2 
III 0/0 1.75/.1225/0 21 0/0 2000 6.3 
IV 0/0 1. 75/ .1225/0 21 0/0 2500 6.4 
VIII 0 1.75/.1225/0 21 0/0 2000 6.5 
XI 
- 1. 75/ .1225/0 21 - 2500 6.6 
6.23 
FIGURE 6.1 
"I " ,:.' .: 1 I . , • , i - . - . -:- -' 1· . ; •. ,- l - .. ;. . 
• I: I ,1 
1- :~~-~-= ;:L=:.:i~f=~--,~-~ ~:' 
'I"--••.• -~-~--.-•• :-.--.---.. ---.-.:.----••. ----:- : i . -----.--.. 1 ,,' , , , ',1 i , 
1 ••• · .:.'. =~~/,_-::·.~:·=.j ••• -.·.1-.·r-:I~C ·····fL175 
! ' (\',:'" 1 ,1 "': :, : '. : : 
.-/ \., .-.. -~.- " ' ,--: .-' ... _-
1.: \. \.:~~..·"'':'·-T''''·:r·''·r-'' :"-"'-:':~:'i~~:~_ 50 
'1 I I' I .... , "-... ,:--.. ' .... 1,., .... '-.. ".-...... ; ..... 
1 ""'''-i'' , . , 
r' '''-r-:--:-'- ------.. --... I' \" . ."'. .,... ... .... .... 
H· ,..1. .... --_ .. -.. - .......... - ..... -;-.--,.--. ..-.. --.-.-.-----. 
1I : I ............ - .......... , ............... .. 
1' .. · .. :·_-_ .. _· 
,I 
fI 
'" Ol 25~ 11-·-· .. ----- ._-------- - '-.... 
11 .. ~~~. __ ~ ......... ,. , .. -....... . 
11 " .. , __ " ....... l 11 '. ... ... -_ ... _.. .. ....... ---.. _.-.... ---.... 
E 
E 
!I----~--~~--. ---,'--~--- . -", ---. --''', -- ~ 
;1 ..... : .... , ..... --:., .. ,.. ........ ; .. -.. -:.-... -.(--.~.-.-:---.-;.-.'- ',"-- x 
'I "7-' • -"'-:---, -. -' .... . " ---'---'---- z 
, .. : ... : ........ : .... :~ .. :.---.:. ..:._ .... ! ........ :._-_ .. ,.-.. -- ....... _, -' .. , ... - .. + -L~~~~ __ 4-__ ~ __ ~ __ ~~ ____ fOO 
_I-
:. -. .:-...----; ---~-.:.~.:.-~ .:. .. .:.:...:- :. -- ---.. .:. -.--:--~--. .:.--, . . ----. '- -. - -, .. -.-._----_ .... _--_. 
, . . . 
. . . 
. , . 
'" , ...•.. 
. ---.. --.--- --;-'-,-., -:-t------:--:-~-~ 
! ' l :". : 
......:.-=-.._ ..;.:...:.1..._, _-' ... ' .. ' ... ...:..... ___ ,:::_~:.~_!_._., 
. . r • . • • . . 
;' ;- .. :-' '; : .:" ._--
_!.,....:..:~_?.:. .. ___ .:.:...:.:.:........_l._~_ ..:...:...._:...:.....:....:._...:... __ 
T' . . ,. ',l:' .. i·' ... ,.;. !. 
... . . .: I·',,: . :: ....•.. 
-.. -.--:--~--. .:......--.--. ..:---!.--.:-------...... 
: . ! ':.. ; .. j' ; 
.... --':'--' _._..:.._._- •. ----:.-.. _._ .. ' .....• 
, . .. . . 
, . 
, .• • :; ... 1 • ! , , 
er 
« 
er:: 
w 
...J 
W 
U 
U 
« 
25 
6.24 
r::-' ; .... ~IGURE 6.2 : Hr IH"!. . id ... ] 
" it··,· 
t
. : .. :. \; -.:. -h-·I''.-'' ·1···:· . [-:'-i·:h. -1--' -.!.-.. --- i·.. 75 
.--:--;-... ; .---. ,-;-" . I I 1 I· I ,-'-
. :! ./ I' H.": "··'-i-'· -- !--··-rh-n!I·-"··h 1"--·. -.. -- ! 
.. h-···'-1----- . ---c-t --.-
...: I . L •.. L." ... L __ . __ .!. __ .:_L";~ ___ :':'''I··-,-·J _ .. i. 
-1-.· :;~~ \~jij:.~!··:i-I-tl: 50 
_.- " ._- -~.~ ~:-~ .. l .. = .. ---.-.-~-.. :---L~-- .. -~--.=T~~--.-~-.~~~~~~~~--
./ \ I . . : : I·' : ! i :. 1.1.1 ... "._.'-. __ c.' . --'-_. __ .-'-._l--. : 
r : .... -.. " ~. .J . -.. ",.! .. -.... _.j --- .. _- -1 . -l· .... ] . ! ! 
I :. ..., 
." .. :.---:--'- -_._' --_. --+---'--~---'--'-
Ill. ....... ..: ... _L ..... L. ... _.L. i , I ; . , ..... or······ ........ . 
. t"-··--·----·-
:1 
"'0'1 
2S.g h ".-~---'. _.-..... --.-.'--- ~-----. --, --~--- - ......... 
:1 ..... -" ........... -........ ...... i· .... i .. 
" : ,: j :--~.--'-.-' --+--I i ... ~ ..... ___ .L._._. !, ····--···":-t·::~-i'-:'···i-··· ·i . 
.j.l . I ' ~ _...:.: __ "--'-'" :, _n_.: .. ____ ,___ ;.. ; 
t .. " .. : .....•. ' ... h .... i_h.h.: . __ ._ . .i_.~ _..1_hh:_'_-'-_''''.:h .. '_'.:hh'_.:.: ..• _ ... I ....':...,., j' : ' I • i ,. 
_._--;----_. __ . . 
J .- :._-+ .. ~-- .. i----~.-~ ~: . .,--j ... --_. ~ --~---·1--~--1--; ·--i-·_·; ---f'-~"--f:~~---'!' .... ----
20 0 
ANGLE .. 
., 
E 
E 
:fIGl!BJLJL.3"..._~.,-, 
t· .. : 1, ..... .1... I 1,::'_"1 1---- :--... --;.-.=.;~'--' ---;.-.-. ;-:~':ll'" !~~I ,i-'I":~_:--, 
•.. i .. _. i . ~ ...... ~·"l··-"· .... _.-! _ ... r • ~-'_~ '. t' I" , , ' 
,,! - •• : •••••••• : __ •• -'0 • , 
• -.-0',_" 
., •• '0- _ •••• _ 
. i 
--'--'-... - ... --_ . 
.. ... .. --.-.... 
.0------ __ ._. ___ ~ ____ .__ ._~, t ;_'---," _____ .: __ • 
l·:·:-:~l--:: .. l·~"I~:..:·..:.I-.. : .. ·!· : .... :.: 
+-_.. ..------_ ... - .... --.~---:-.---- '-----:---~-.-;--.. 
1" . .....~ .. -.-+ .... -+ .. ~ .. ·l--:--+-'·- :-.. :--. _"'_:_"'_'" .1 
1 . ~ --.-- ... f----.;.. 
,.,- - --i-;"--i-:-"cl",-,cr'::-'!-:"-:":"+-'" ~ -.~-----. '~-"--:-"':--~---:.----.---: 
, ! j .'; . .., .... _ ... i.: _._ ........ __ ., ....... __ ._ ........... . .. ... , .... : .... ,.--" ..... -.... ,,,.--.. . i"" .. 1'" I, 
1' .. _ .. _---_. --''-. --;! ,'--"-;-1 , 
r" ....... -...... -:---""-'j"----"j---' -.-~- .... --f--- ... : ..... -.. ';'.-- ... ": 
___ 0 __ -"--'--';-\ ,_. __ • ___ • ___ ,-__ : __ • 
, 
......... : 
---!------- .'. .' . ' . 
... l. ' .. _ •... _ ........•. ~~~~ .... _, i._=-_~r~~~=~~~~~::~-.~~-_-. -~~:=-:~~=. 
, 
----_._-,--:--;--
{ ... .... __ .- ; ... : ..•. 
t 
6025 
75 
50 
.. 
Cl 
2S.g t .... "',"''' ___ 0_ ... -----------~-.--. - ---... 
• 
t-
-;--- ... ----
.-----
. j' 1 ... . 
... __ .. - .. _ ........ _- ....... _--.'-.-----_ .•.. _.---- - - --.----_. 
. .. 1 '. i"! . : 
, ..... . . 
E 
E 
. . --.--~ -----~ .. -.~ --~.~:.- ~~ .. -- .----~-.--; -_ ... -- X 
j. : 
----;----------·\--+1-. -"",' --,--. ..;-i --,--'---:--1 + Z 
~---··-'--... '--... ~:·--'" ... -... '~··~' ...~i·--c--.. ~!--.-.-~.~~---~---_'-_-... _·-·~'--_--'~--!_·_· ..~ ... '·_ ... ·_··.~OO 
-I-
« 
er: 
w 
-l 
W 
U 
U 
« 
20° 
ANGLE 
25 
6.26 
FIGURE 6.4 
rT\ .L .... ' ·1······ ,·':1 1" i . : . i , : : i i i ! 1.· •• ·._ •••• ________ .·_ •.••• _ ~_ •• __ • __ • __ L ____ • __ ._._ • __ .; ..................... -_. __ ••. ,' 
i ~. 1 : : ; i :: ! ' : -1 . . i ; ! i •• !.. ·:_·_··_L'::_.;_··~.CL ___ :· ··:::..r···:·~i---~;~~.~L~:"L~ 
I : ..•.... !... : : I ' ..... _. I. ..L .. _, ... :.: ..• 1 ! . ! ! ! ! . j 
,.... ··-~-·i,\T----;--. --~.. 1 '..: L '". i . r----r--'--
1 
,.. L 
I I 
I ' ......... :. I .! I .. ,"" , " • 50 d .. ,.----.. -·-·-·-·--i··-- I ' . I .: ••.• - •• 
'l'T-+~--: '-": ~ . . i 
]
1 I( "":; .... :' .. ·,·-+--,·· .. ;-.... --1-: f· ; 
f ·:·f : ..... : .......... : :. :"',"':"":' I ,. 
I ____ .L/_.c _____ .. - ... -,---: -._'---: -. ..,--,---,.--.;-_.! j: .. :..jr ; .. :. 'J·i~::·T=l··-·';··~-T"·.T:~;"- .. :: 'h 
n···............ .. ········ 25~ jr'-' '-. _._._----_._-------,--. -
iJ . '--"', _ ....... ;, . t' .... . EE 
if .:.-: -. ---, .----------. 
\I_.i·-·:--:·--:--" _':'.::":'" ... ,'''-'1'' .... j--.,.: [.....--_ ... 
! 1 ".- -.!-.-.-.---~--- .. -.. ~ ... -.--
I , 
. --. --.:. _.- .. ---:-----~ --..:. ----~. ------~.----- .~ .. -:..-; .- . . : . i .. 
50 '~--~~--~----~----_r----~----+ 10° 
CAM 
20° 
ANGLE 
60° 
• 
6.27 
FIGURE 6.5 
I~ --i_ I .~j-l:'::i: ...• r •...... i·~ •... ;. ~:.:~::: ...•. j 
__ ._' _~_l_·_.l : _~ __ .~ ___ : I ___ •• _._ •.••. 
: . t . ; i '.: . : . l---!'" ('-:--";"-';'-'l"'-~ -. 1"";'" l" ·····T······'-r-_···_-··_-_·_- .! .. -... -'r-"'-: r'···· 
, 
i 
..... --.. ; 
, ____ . ___ ... __ . __ ". ____ . ! i 
.----_. 
i 
1------··· .. ..- ....... -.. -'. ------r·---···--t ....... _! .....•. _-:- .•• - . 
I , ~ __ .~' __ ~+: ____ ,._~~ __ _ r'"'' 1- .. : ...... · :--., .... .;..---.;--.. --, ~ . I ! I' : I· .. · . ......... ................. .. ...... , ......... ! .... -... , 
r,,:I.-.. -'-'-- -.--.------.. ------
if: : ... ;~~ ....... ~"':~~=-!~.::~.L~=L~~~·~··' (:.~:~L=···i~:~ _ 50 
'.i
l
' " \.;/. . ..•....... :... . .! : ' : : .... :,....." 
.. . ". !"'-'--":"-'--~':' .-P ... ",-
if .1'. __ .. ___ -', _. ____ :.. ... _ .. ____ '-__ . __ ._._-'._-.-i_._ . 
; \ I . 
! I "". ....., il ....... __ . ___ ..... _.,-_. ___ .. _ ... __ ... _. ____ . __ ._ ...... _c. __ ,-___ ' 
jI ; ..... , ...... : . , 
••••• _. •• P" .". ••• ••• • •••• 
l' .. -:---.:---:-! 1 : . : .... :--.:---:.----.-.-.. -.-------. ..~ 
:1 : ... , ...... : ............. :.... 25-0 
r/ ..... -.--------..... --.--.-... - .---.. -------.---.---.-.. --- - -
;1' ....... " .... , . . .. . .. .. . ....... ........ '" ............ E 
11 -... ,,----.-- ,.----. -'--' -'--' -'~--' --:.---'- E 
a .. : .......... -.. -.: -.. . - ... --~ .----.:-------. .:. _ .. __ .-._ .. _-_ .. _-_ ..... 
I 
10° 
CAM 
20° 
ANGLE 
. :. 
.. 
50 
6.28 
FIGURE 6.6 
LJ--j~-••• i-jTH+~!+F-r -·.·}:=i· ••••• J 
l, -, ---! -1 . i -- ,--1--- i~' ;--- L._. I --- --
..... f 
1 ----' 
r , 
'1-,, __ J __ ,: ___ i.: __ ,,,,.l 
: i. i !'! : i #. 
, , , 
'1'-\-' -' -;---'--'---"-;-' -' '-'--~--;-----;---.----
1 I ,I i - ----I ----'--------\----'-i--'---- :---- ---.,------ 50 ! . ____ ,__ :.. ___ - ____ ,__ 1-__ , __ -.:.. ______ , ___ .. ~. _____ .... 
1 \ ----: ; ---; --~-, '-
1 'f···":,. : ... 1" .. : .. --: .. ~--"1., __ --_"= .. !.-:---!.-'-:j---:---!---,---i,; :~~~~~.,: ~::~ ______ : t ,----, --------;------,; - , ! ': '" , ___ , ,-- i_ _ ____ , ; , , , 
i -1---------· .--;---------;___- ---'---,----------'----- -i -\' L_ i--·,·)--- ,- -----:-.-.,- ---.,--,---.-!.---,---
,\L ______ .: ' ___ ._. ___ -'--____________ .. ________ , .. 
! rn 
1--- 2~ j ---'---'-----'-- ---_._' --' --,._--'---------'---'--- - -
i - '------':-------:----------, -E 
_'----'--e-: ' : 1-__ 1 ---- E 
... : __ .. : ... .1, __ ~_:J" _, ._~ __ . __ ... ___ : ___ , .. 0 __ • :', ____ •••• ;, __ " ___ ~:,' , 
._--._--:-_ ... ".".:- - -- . __ . :-- --_. 
", :.. :'!' 
-.------..,---;-:--, ------'---' -',---:---' -----1 • • 
. , ... ..
, . .. .. . . .., .. . 
<:t 
+ o 
. -_ .. ------- .... -----.- ... _---.-----.. _-------_ ... -.----------_ . 
........ ! .. --. : '! . l ,. .: . : - -! ! i" ~ -., X 
.-------.------'\ ----'---.---------.-.-----.- , Z 
._.: _____ \._:_:.L._,._!.. __ .L. ______ ._L_;;_i ____ , ____ L __ , ___ ~ i __________ " 0+ 0 
: ! : ~~~~-----+------~----~------~~ 
20° 
ANGLE 
-I-
<! 
0:: 
W 
.J 
W 
U 
u 
<! 
25 
FIGURE 6.7 
-.-':~---l--·-~·---·I-·--_~-l-.-. ___ l: .. ~-... l.---' .. -- _ --~---hhh----···I--··--l.--·-
o 
(() 
(\I 
.-
000 000 
ro 0 N ~ (() ro 
o ~ ~ ~ ~ .-
..... 
LINKAGE LOAD. NEWTONS 
6.29 
6.30 
FIGURE 6.8 
, 
, ·1 . . <i:;:'[::t 
+-,--,--.!-~. 
·.·t[:.i •••• ~--.~I~jz-r;··III-t~·~r--lj~ 
: I: '1_: -'-' '-"-" .: .! - '.-'~-,,'-' '--' -'. · .... -".,,-1 -~--;-j~! -~.--- ~ +Jlq=:j=l:i-I~:-i~,~S~t~ . 
F~:'~i ·1 n -1----1· . ! .---! --l-: ~: i U:'+''';-::>F~-' g 
f
"; t---, - 1 i ; :. i 1-- :, , : .... 
---.-- -.--.--- 1------:·- -- -.- 1- ~ -l .----, - ,--: .- --I ·-:i-,-:·:cf:::ic'-,i-: 
_-. ; - . .- j • - . i :. i . : . : .. T·::::::"l·" "-:.1 
; ;.;. 1 : i i ; , 
r:'-'~"--:--! ----j--'---r:-::i---.:.ri-----t --~--1 , 
i-cL.-~-,--u--1 -~.- 1-. __ 1 __ ,--J..-; -J. : __ L_ ,.-J-.c:nF~ 
, 
l. . ,- . 
-l~ .. -------..----, ; .... ;: 
. -,- j . l : !. ,i: I . --1- I' --I-:~ I . I 
~ ~-t -f-~--'----1-~-i- -t-- --~ --1-- t---r- ~ --!-;-.-! .. -~- i- -----1-~~~t--· 
: __ .L_ II...::-r:·~--: r!.:-~·:..I· :::r +-- '1'-':- t - :-':jl.;-: 1,.:LALt:L! . 
r '_ 1: .:!. . t. ; -:-. ····::T::~:::::l 
o 
(X) 
o 
.-
o 
o 
(J) 
o 
(\J 
" 
o 
"i 
\{) 
LINKAGE LOAD. NEWTONS 
-+.---_ . 
. -- .. . 
J ,u ':.: ... 0 
H'H---:-+~ g 
o 
(X) 
FIGURE 6.9 
. . 
------------.-_.--, 
i 
~--.. -....:--------.-.--.----~.--.---.--~.-----. .:;-----:---~---_. --' -;.--.:......~----.--- .----.•...... :....---.. 
-"--..,.--'-'._-,._--,--...•.• _--.-.-.---_ .. 
-._.c==~::._._:_:_:= .... _ .. ~ .... ....~ ... =~~~.:.--.::=.--.== .. -=·---···C··--····C--·---::-...... :-:---'-···-;···--· 
---;.--.~.-.-.-.---.,---.-... ".-.-...• ,---., .... -.-,-.-... '-..... 
--_._--_._-_ ... _-_._----
--'---------~-.---.---.--- _. ---...:...---.:.-----.:.---.:.---- ---------
-C---;--. ___ . ____ ... _ 
-~--·t- -.. -..... 
. . . 
-----------------.----f-.------... _----. --.- .. _-' .. -._-. __ 0-
! j 
•• _ ••••• ____ ,0,._ •• __ •••• _ •• _ ••• _._. ___ •••••• ._ ••••••••••••••• ___ •• 
~f---.--.--.- ___ : ____ i -- -~-- __ ~ ___ L ---_. -~~---. 
:..... •• t_·.· .. ___ ;. ___ ...••. -. 
T:" . 
=:?~ ... --..? ...... . ~ ........F= .... ~-=-.--=.--.= ... ....  ......... = ....... =::. . ... - -_ .... . .:...,-.~L.r -..:.... :....:. . -. -. __ . _. - --0-- ----- .. ------- ... --.. 
: ," 
+ ...... ~~~:.:~~:::; ···--l·-:··-·l:~···:.~· ~···E .. =F:.:~:···.=:·:_~ .. _.;_ . 
..•. :.--... . .. - .... : -".' ~~. : .... : .... :.. .. ..~ .. ....... ~..---~ 
. : l. . • 
6.31 
o 
o 
cO 
-
• -. -!-, --.:---~.--. :--:---r---.,--.--, .. ----~--.----:~--. ----- - ... ---... -.-----... ----------.. --.-.-.. --.. _ .. --- 0 
··'··r-··-· ...... :-..... ;...... ......... .......... ..... ..... 0 
~,-I --~--.r------;------~------r------.------~------r-----~O) 
o 
cO 
o 
..-
LINKAGE 
o 0 0 0 
o N ...r 10 
Ol r--. If) Cl') 
LOAD. NEWTONS 
o 
cO 
FIGURE 6.10 
;M-H-l~·w·+l-s--+-·'·· 
"-f~':"~ :j.:L) ~ J ___ j:.,. : .. 
,.! .. ,:_L.: __ !.:.: .. ~~~! ._ ... :m __ u 
i'-7--4--:---~--, ---:--"---: ___ .c __ ._~ __ . ____ .. -- -+ .. -
• - ' .. --"! -. . •• . .•.. i. 
_.!.'-.'--'--'--'-'-' -' --'--------------_ . 
. --I ." I· 
· .. I·' ." .. , ' " .. , .......... _. . . • 
~.'. ',' :.x.'.'. ',~.' ~~;-r::-~-:T:---:; .... --- I .. ---- .. -.... -._. 1-"":-"--:-- ------~:- .------.--.---.. -- ...... -.. :_ .._._u_.,.".~~:::_~::=I 
-~----:---~-;.---:--. ~~----:-. .:.....:...-. :------
:-_L~; ___ ~L---: ___ :_~.:....:....:..:.....;;_~. __ .. ~ '.'. __ .,.. '; .. _;_._.~_; ,.; : ______ : ;;_..:..;_~; __ ;; __ ; .. 
. : :. . :," . . . ..: : .i . 
::+ . ~c-·; ':'-:::-'t ~:'::' f::-:': -- . : j' .,-- . 
". . ;-~----"----.-
I 
--'--"-' ..;~=--~;....:--.:.-..-!~.:...---.; ---- ... :. ! .; ;". : I 
· . ; , 
. .:..--....;.--. ----_._--_:_------_. ---',"--' 
. . 
". --_._, ._ .•.. - -.... -_ .... 
._-,------. -- ----~.:-.------.--:----.-:------. 
. ___ .:... ____ ~ ___ .__ --··-0 ___ -
. -
---f----7··-·:..--:---·--·--·:-~----·-·: ...... , .. --- ....... ~ --.- ""'-"' .. . 
_.··_--___ .. _0- _____ ------
· . . 
· . . 
_ ..__ ~ . .:.. ___ o.!.---..;---.~::....---.'o,: ... -.-- : ; : 
_. -.-.-.:-_._-_.-. ----,._-: .... _.- .. : ... --_ .. -:. ··-·--·-:----;--i------·~-- ... 
· . 
,---;----.---.~-----~-----.---.--'. 
-.. ! .. -~ ..;----.;;7- --.-~.-.-- .....•.. _ .•... .!--
-'-'-----,'-,--'-'----_._-.---------------_ .. _--
· . . 
· . . -----------------__ .--0------- . __ •.... _ .. __ ._... . .. __ ... _ .. __ .. _. 
,  
· . 
, __ , ____ ..;. ____ ..:. __ o __ .. ____ ! ____ . ___ . _____ . __ ~_ 
-~-.;..~--:....--~-.---.--~-;.--.. :.--.. . ... 
1 1, ~ !: : 
: 
___ i....-___ . ___ ! ___ ..:.. ___ ..•. _ _ ______ • __ ._. 
· 1 l . ·i._ . ....; ___ . __ :...-i-__ :... __ . ___ . __ . ___ . __ :.. ___ .. __ .. ___ . _________ .... __ ._' .. 
,.: i i I 
7~r--T~~t::~~r-----~~1~~~ .. T- i--·--··~·--· : .. ( ... ~--. (-;.-:. ~---. ;-'-;'" :-- -~ .o_ .. _._~._ 
::··.LLiI..~l.. ·:.J,.,~ __ .. :_:::~:=j::~=~J~_=_L~~::::T=:-'-·-··'~_.::~~::~=~·-===~:::::::=_~~----r ..id: . . 1_. __ L __ . .. . ___ .. ___ .... _____ : ___ . __ :. __ : ___ ._ ... 
:.:,:L.:j __ L~_L_'::":':.L~. . ... ~}======::~~~~ ''''T' .... ! "! .... -.: ·-------i--'---·-·!:~--· --.0-.. -.,--. --
· J~-'''r-'~~~::::= --:!.:-··=1---·- :-::.- r==::::r--'n~~ .. -'-- :._.n.:"... . ___ n_ .... 
":'.----' -_._-.-_.-..:.----_. --' -:---.=--:-~'~ . .,.~--:---~.;;;.;.:..::.::.::.::.:.:..-~~~ :~;~~:t-· -'-' -'-' ~.~~; ... ~- t~~-- .. i -----.-:,~ ... ---.~- :-~ --.~ .. -.~.~-. ~ ~-,~. ~~:.:.. t··· ._- --:.~- :~ . ..:.-+~:,.:- -.;. 
6~32 
o 
o 
cD 
-
W 
..J 
<.9 
Z 
« 
L: 
« u 
· ") "! .... ! i . . .: . • 
I ' . I -- ... '. "... --:-----i----.:-----~-:--~--.-:.---------:-.---..:.---.--.- --------- 0 
~·-~:'~I ..~-j_~~t~-_··:_··~l'--'-·-'---f-.:-'---~----~;~·----·---:·--·----r .. --·----.. '------··~···-·---·----··.-.--.~--~.------.-.--_r------~~ 
o 
00 
o 
..... 
LINKAGE 
o 
o 
(J) 
o 
N 
I"-
o 
"" 
I{) 
LOAD. NEWTONS 
o 
00 
FIGURE 6.11 
-0-1"""0["'"1' 'CC.]; ,r •."",,,,,,..,.. ,~! ~-r--'-,.-..,...,.-,-..,--r! -'---r-~---r-! ---C-'"1!.,-.---r---c-,7!"1 ~--,--.,,-,...---c,--,------
"-rc :!:"''-'-'' .-------- .----:. -----_. -------
-',-~ ----_._-----_._----,--_._--
.. _ j_:_~_._L.: __ :~.:._ --' -'---' -'---' -, -----------
..... - -. 
--~--------;.------- -.. ---------~----:-:----.-.- ---
" 
-.--_._-.--._-_ ... --.-i .:- .. 
--:----: -.-. -----~----:----.. _---. 
__ J. __ .. ~:L ___ . ___ ... _ .... __ .. , ... ___ .. _ 
-.--. 
" 
:_-_._-' --.--.-----~----~-----,---,-----;------- ----_.-.... -
--f:---"'-:----'-------:-'- -... _._._ ... -.' 
.:--.-:--.....:--.------.---:----.-----.: .... ---.... 
· " 
, 
. __ .:---_._-~------: .. --_.-. --- ---_ .. ,." ..• -.. __ .. -.-.- .. ; --' .-. -- ~ .. 
. . 
.--'-,-~_, ___ : ___ : _---' ___ ...c _____ ;-_. __ -'-___ '- ____ -' .. __ ,_ -' __ _ 
.-.---_.-----
, . .. 
--:----,--.-. -:------.. --.--:-----:.--.---.-------.-----~.-----------~--
! l : : 
_ .. _----- . __ .. __ ........ -.-- .... . ._-- .. -... -.--. 
-------.----.----._-_ .• -. __ . --~--------- -.;..- _."_. 
· . 
., '"
. __ .;---------_ ... _ .. --- ... - .... -~-- ... - .. ! -- -.-.... 
. -
.----_._------_._--_._---------
· . . . . 
------(------
. ~=:1 ....... ~ __ :-~ .... =-~ 
.-._- ~-------: ---.-----,---; ---_ .. --_._-,. -------_ .... 
! .! ... -!. --~r~~~-"r"-~:T----- . ! •.•. -j ""-"r-- ~;;.,;..~-----
-i-, ---:1-.-. -:---------- ---'------: ----'----.--.. -. 
-T"--,--(----;---- .-l,---r--- --: .,---,~. ~---
:' ! --------_.-.------ -----------
·~fc.:·--r·--·-- -. , 
_ .. _ .. _-_._-_._-_ .. -.,._-_._--_ .. ---_ . 
. i . :.. , ... 
___ ._. _....:;,;..:.:1: . ..:..;...:.....:! •• _. ____ : ... ! . t 
._--_ ... _--- . 
6.33 
o g 
C\I 
o 
o 
co 
..... 
W 
-.I 
t9 
Z 
<( 
-----------_. --------,---;.-
-+-,-------.--- -:---'---1---'---1----- i--'- -1- --i 2: 
-+--,--f-'---;-:- '---'-' -.-.-.--------. -' '----'------'----~-----.;,.;;;;,;;..:,~~Iu« 
• ..... :j . . t: . ; _: 
.. ~ .~- •. - .. --;, -'-'_-'-':"" .. -•. :. - ' •. - --7--'-~" .-•. ----.:. ..; ....... . .. -- ;:-------1 ---- ,. .--- ," -- "'--:- .. ---.-.: . -.. . 
.. '" --r-~T~--1'---- ~-----~·---~------7------:·"7"--~--·-.--,.. -. ------.. ---:-----:.---.. ;------~ --.. 0 
•• __ i-_________ ., ------- ... -. ,- ."'.-.... --t.. ..L_: -._-... ..-- .. --..... -.:.-.:::... .. :--:.: .. -.; ... 0 
.!. i . ~I~·~~·~-r------~----~-------r------._----_,------_r------~O) 
o 
CO 
o 
..... 
LINKAGE 
o 
o 
(]) 
o 
N 
r---
LOAD. NEWTONS 
o 
10 
('I') 
o 
CO 
6.34 
FIGURE 6.12 
! ! 
___ .0 
g 
---.- .•. --- -_. -- ~.- ---- -- .. -. -~-_.-
---'-'-'-'.---. ,~---.---------. 
---;.,-'--'------------- ---.--. --' ---.:-.-:..:-~-------:-----.-----"------ ----------_. 
, 
----------T!-~ :.-~.-
------------ :...-.--. .:.-.--.---:...---~ 
-----.---.----~--..;.---------~---:------. --- .~----------.-- ----------
-'--~----------.-
----._-------_.-.------.----_. --' --" --. --.:...----.---,~ .•. -----...;---.-
. ., ,
,..--;------------------ :----c-------------
--'--------- -~--.-~-.. ~--..' -;.;;,:._-.:::.,:----:...-------
(\J 
o 
o 
CO 
.:=-----;.--:;. --~-----~------=-=-~--------- ;-
--.----_ .. 
I 
--------- --'-----,-.;-,. -~-' .--'-----'--. ::::::;.:---~--~------
._--_ ... !: ... _--_.- .. ~ 
---····-1----- _ .... -. __ .--."._--" --
__ . ____ .. __ ...;,. ________ ._ ~ ______ ~. ___ l ______ _ 
--------.. ------T--· ~~~ 
- .•. ~-----.;-.--.-.-.:. ---- .. _.-•• - •• I" 
-----,-----_! 
-----------.. -._-----------_ .• ----
.. -.. ----.-._--- .. _ .. __ ._--_ ... 
: i.. : r 
.. _----------_._'--'---'-. -'-._---_. --------------.--- .... 
-------_ •... ----.---
---~--.--. - ---_. _._.- -_ .. ------.-----
. -------.. ---'~--~~ 
--." .1 ___ -- _ ..-i -.----- ~.- --- -."!. 
._------------------,--,--. -----------. ----,,--,--'-'--~---------. ------- -------
! 
-, 
; , , 
..... _-,_ ..• _, .... - , ... -----,,------- ." --...... --, .. ~-. 
o 
o 
~----~----_r----~~----~----~------r-----~m 
o 
CO 
o 
.-
LINKAGE 
o 
o 
0> 
o 
(\J 
I'-
o 
"" 
to 
LOAD. NEWTONS 
o 
«) 
f") 
o 
CO 
. ' 
6.35 
FIGURE 6.13 
; '. i ---: -- '" -_._.,. .-- I I 
.=-i·.;[J-F.[! ••• ~·L4 ••••• ·.r·~i- •.• L..~ •. 
I 'I .., , 
. __ . __ . __ , __ ._. _: _l_-.-:. ___ ~ __ ._~ __ :. ___ .. __ ~_. __ i _____ ~ ____ .L ___ .. _ ; _-:._ 
75 
I I I , .', i: i. . , : i .: i I' i \ . ......... . 
~--'--+--.. ----.-. 
I 1 : \' ! ! i :: ' 1 J . 1 ."" ...... : , .. -;- ..... : .... ·-.. · .. r· .. ·-r-'··,· . 
11 . I ,I·-: .. -.. -~· \: . . I i .--:-"'j--,.--j.--'--c.--- . 
!1' '\J ~~.~.;.~-::: __ ". ~ __ i~_:_~L. ~. ~.l : •.: •. :., :.: .-.[~::.:: ::: .... :.: .r~·:~-: ... : .--.: 
~ . ___ .~ __ . ':..____ I :! __ , ___ . ___ , ___ :_____ N 
:l.. . ...- ......... 2S! 
1 .... --.------. ----. -------.- E 
:1:.,1-.... :,: ............. ~.;, . ' .. -.-•..•..... ;.!.: ..... -....... -:., .. - .. --.-.... : ....: . ~:=.... E ···:·:-·!--~--+-~~~-t--+--f-····~--+---~-.. -+-~-~~ -: .. 
. , .\ '. -;.....-. .'--' -:----. -.. 0 
. I ',' ··-"·:"'-i·-~--.1I·-i--"-i-":"+-"----i-------·+·:-':-·:---:", x 
~-:~r~=l~=:--c:n\·---:J:~=-j .. ~---:.:==i~=::-~==r~~:· : 0 5 
. i, . i ::; ;. i·.: ::,;.' : _ I--
<! 
er: 
w 
.....J 
W 
U 
U 
. ":1... '" . <! :~~i:=:g~-~-ILI-Hi •. ~:JJH·.:.!:].:i:;: . 25 
--· .... ·'·_··I----I-'.I_·I-h.-.-\.. ..'lm_ .. ····· .... -1---·-.. ·--, .... · 
•• ' . '., . :, .. I :: :.' .: .' ~,: : . . : I' 
:T·:i-·:~:-",·+·r=-hr ..... ··!:-··.;·,;l-Cl--·:·.·~;: .. ,.J:=J-::-:-" 
~"~::-I ;.ci ···l~~:~[~:· T::~r::~::.! .; .. :·:T=:··r:;·~) \.L,"':" ~ __ ~ ____ ~ ____ ~ ____ ~ __ ~~ __ -+50 
20° 
ANGLE .. 
60° 
FIGURE 6.14 
1.0 ... :!.! 1 , +~:L ___ ! L.hc,,,.! __ "'c!~".CCj----;,---! .... -------
--.;----,---~-----... ----;-.--.--;-----. --. -:-:---"-,-. ---------_ .. !_ .... ---:-----_ .•.. - - .. - :-----
... L. ___ ...... __ ... _ ... _._...: :; ':'~".;_;.':'._"'. __ "_"' __ '.' ....... __ ........ l "-1' -_ ....... ------'.j" ,-. ---!" 
, --_. ., .. "".,.-., -.- ...... , .. , "-.. ~-..,. 
-!----.---.. ---.---..,--.-... -----~-.-.-. -"--·"-"--·-·-f--·f-"· 
. : .•.. ___ .: __ •. : ... _ : •. -:.: _, : ._. -, __ . '·._0 __ · .. · _. , __ ._ ..•. j. __ •••• __ , _ .•••• _._.~ •• _ ..... , 
I !.'!.:: .L..-------~':':'~~:::::1 
-.,----. ---.' :-'-. ..--- ,--,-. .-·-,.-·-0 .. --.. ·-
I' '" . . . 
... :---.:. ... " .. : .. ,-.-_._;. : ~- .. r~'-'; -_. :-- ~ ..... :. -_. ~--.~ P' -- i:- .. -. ---.- _ ... __ .. _ .. 
--_.-_.------- --.:.-----. ---..... - ---:.---.. :-.. -.:- .. -- .---.--
.0 ~_ •• _.0 ___ ~ .~ •• _ •• _ •• __ :_. __ •• ~l.,..... . _ ... _ .. __ . __ ... 
._: ••• 44 __ •• _ ••••• _ .. :. •• __ ••• 
. . 
------_._-----_ ... ----.---:----'-:---_._--_ .. 
. . . 
.. •. ___ ... _. _______ •. __ .•. _~_ •. _. __ •. _-_0. ___ .•. _... . _.' ..... _ .. _ .. , ...... ___ .• 
--~-... - ... --.. ""-:.-.:..--.;..-... -;_ ....... _. ----.;.-----.;--... --.-.--.~.~-
.. ~_.L_ .. 
.•..• --'.-"''''~''' "': .. --: -:-:-···~·--:·-··:····:·· .. 7· .. ·~· .. ······~··· ........ --. --.. - ••.•... 
, . ......;.-~---... - .. ---.... ---.. --... --.-~ .. -.. -... ~-
-.~ ......... :_ ... _. __ .. ; -- ..... :- ... . 
. . 
-.:-.-----,...--,----~------~-----.. -----.--.~---.----. 
.. -_ ..... -.-_ ....... _-.. ..1-·~····· : .. -. "".- f· -'.:"- ~ ... ····-1-···--·f .... -.. ~ ..... -.. 
---:---~-:---:---.. ' - .. --~---.. ' .... --.:..--.:----:- .. ---. _._-: _ ..... -.-_._-
............ _.- ..... _ ............ . 
~-.------.... --... ----... -.-.----~. 
.  
-.--.. ------------_ .. _--
. ;: 
· ..... ---- ... 
· , 
· - , . . . 
"---------_._------_ .. -----_. __ . -
. ; . 
. ... . -._- .~ ....... _.- .. _ . 
... --.. -.;.---~.~.....:..--.-- .. _-, ._--,._ .. -.-.... __ .. _--
I 
... - i 
6.36 
o 
o 
CO 
.--
;- -
i --~i---;--·---+-,.-----'--· .. ·--------; -----: - .... 0 ........ -'---.. W 
.-.. j,-.. ' .• -.~:....-...:..:. -; ... - ._ ... ; .. •... . . ... - .. --- .. _ ......... -, .-- •. -- .-- ... ..J 
-L-i--,.-:- -------...... .. .. -------, -'-"--. --........ -..... ,. ... ----.. -...... (9 
Z .~~j·~~·=~~~~~~~ __ ===-~-=~~_=~==~ .. · __ .o_._ .. i ____ .!.._, __ ;_. __ .. '______ ..... _,. __ ... ___ -« 
._. ! .. ~ .. ~.- ~- -.----r.-- --- ... ~ .. :--.~---.-... ~ .. ~- .. -;-- --_.-1-·· .- .. -;--.. -.. ~. ___ ·· .. __ 0··· :2: 
_L_· -~-' _,..._i ____ ·i-._' _ .. _ .. '-._ .. __ .:-........ _ .. _, ___ c= __ .p,_ .. _~. ___ ~~~I u« 
: I ~ , ~ : . _ .. 
-.. -: .:....--.. -.~.-~. -.- ~. -~ . .:..- •.. -- ... "f --;":-'i--':"'-- t-···: .. ·-:·, -'- --. :.; -···- .. ·f·----·-·t- ·_":.:.·t ..... _--. 
--·;--~~-... --r-... ·--. --. -"1 -'. -r--: --i·-~·-t--r~·r- .. · ..... i-... -: .. ·-~.·-·f-~---:----· _ ...-.-.-.. _._.- 0 
.•. t ._ ....... :-.:-.----.--•. --~- - •..•••. - -- • -•. -.~~. "-' •• '" .• :--, .......... ; •• - ......... ~-:-- ...•.. _ .................... ~ ...... -.-." . - -•. -. . 0 
_'c...._---,---' -,.----r----1.i----+---'--,r----r-----.----~Q) 
o 
<0 
C\l 
-
o 
CO 
o 
.-
LINKAGE 
o 0 0 0 
o N 'It (() 0> ,..... \() Cl') 
LOAD. NEWTONS 
o 
CO 
FIGURE 6.15 
-r~~~_T\~_c~_L·_ .. rl~--'~·~_'_:--~._-.. _T!.-._~ ..~~~~-.~_-._'.l-.. ~ .. _~_.-,.T!~----rj_-~'.~.~lf-.C-.'~: .. ~.,.7"-C.~ .~~r:_-.. -._.-.. ~--------~ 
--;----l·----.----~----. - -+----. --~-:-7-:-----:---:.---~.------- ----
--:.- .•.... :-- .•. -- -... , . ""0 • ___ •• ___ •••• _. ___ ••• ___ • ____ ., •• 
- . .;--~--~--. -,------._._-_._-: --'--~--.--'~----.----:-----.-:--'-~:-'----' ----~--. --' -------_ .. _._-_. 
· . . 
· , 
.,; .. -... -~- ~ -- -:: 
I 
.•. -:----;-~.--,.....-.--:-..:---:-.--. -~,---:__:-~--,;.....___:-'.--_:_:_---i__:-.---.-.-: -7·-----.,----~-
'H •••• _ •••• 
.-.-- •• ~ •• ~.----. ;. - •• p •• -.~. ---: •••• ~ •••• :".-
, . . 
_._._----_ .•. --- ..:~-:--. ---":--.--':"'--' --.:......-~-; .":'':':'-'--' .--.:-...:.-- - ., . 
...... - ....• -.- ..... -.. .: 
~ .. -.:=:= .. -.....~. ~::::-:==~~.::: -~ ... ~:.===~.-. :=' -'-==--' . ==. ".-J2--~ ..... -: ....-.... -' ... ---.. -==.:.~: . 
. ---.--:---'-.~----:..-----:.--.--:-;-.~.-.-...:---.---j-----:....-_ .. ---.--_ . 
.... " .. ~ .. ________ : .. __ .. ____ j" __ 0 •••• ;" _: ____ ••••• _ •• _._., •••••••• .: ••• _ :._ •• : •••••••• ; •• _: ••••••• : _. _. 
· . 
-.-------- --------~--~-.- .--~------ ---------_ •. __ . __ .. --
. .. . . . 
--.--.-.- -------.-._----_. __ ... -..... __ ._.-- -... __ .. -------. -.~- ..... - ......... ---.-------- ,----_. 
· , 
-.-.---:---------.----. ;..---:----.. ---~----:-------:--.-.---_ ... 
. , 
. . , 
••• • _ .... __ 0 ____ • _ • __ • 
.. , .: .. --.. -.- ;"-'; --.: .. -...... . 
, , 
, . 
_ .. _--_._.----_.'--;--,-.....; 
: --.;-- .. ~-.-=----:.-
----.---~------.' .. =--::-----:::::~.---- -- ._-_.'---
i .!, . . --'---:-...,......,~-----'---.-- .. -----.-=. :=:··--5-'-;:' === 
..... _ .............. -.. _._. ..._ .. , .. .. ... :- -_ .. , ...... _, ... _. 
1· ! t- 1 _____ .i -:::::.:.._;.;_ .... __ ~---.----
i' 1-
. ___ .--0 _ .. ~. . ____ . __ . __ .. _______ ...• • _______ ._._. . ___ .... _ ... 
· . '.. . ., ..'! . 
-----.. --.-------.--.-------------.--.-.-... ----.--~-.-- . 
· ... , .. ·-~~~~---;~--i~:~i·~-:i:~~---f.· ._ .. ~~ .. _; .. __1._._~_._.~ .. ~_~ __ ! .. 
~=: ..... ~: __ .-:-..  .. ==J'==J==:' =.:-=-::-~:!~-.:~I=-~·::··F!-:~·-:-t~::=+:-:·-~'-~--=-·-.--.----.-
___ , ____ ! •• ~~ ._ .. : ____ .1 _____ . ____ ._ .. _~ ___ .-J :~ ~·j"~:T:-t:::~:· ·t7~::: ·~~r=~=~ ·~··~_==~C~=_. __ _ 
i : • 
. _. L_ ... __ . : ____ .... : ... __ .. __ :. '. _' _____ ',:: 
, ·:---··i-~-··---;:··--· 
~----;-. ---f---.----, ----7---·-:-r·-~~·-~--~·----; -·:---t---~-:-;·--·:--~-· 
. . .. , 
"' -_.-----.- .... _ .... _ •... _--.- ....•. 
o 
<0 
C\J 
-
.. ~ ___ l 
o 
<X) 
o 
.-
.~ .. ; 
LINKAGE 
o 
o 
(J) 
LOAD. NEWTONS 
o 
<0 
(t') 
o 
<X) 
,...... 
6.37 
o 
o 
CO 
... 
FIGURE 6.16 
-------.-_._-l--' I::' 
I . . . .. . "..... 
1--:----~-- --.~-:.-.-- .. - .,--, 
-----._,-'-'----_._-_._---_.-.--'-----
,--.--..:........: .-.:.:.--:.....-:...:.~ 
.. . . ... 
------'-,-,--,. ----_._------------_ .. 
--_._---"--'---- --_._-----
--'--_.- ----.-.---~---.:.----. ~---~~------.-- .. -. 
~-'-'----'--~.--------.. -- -_.- ----
-----.-------.---.-.---. --.- ---- ----.. --.. ~-. ~~··-2·--····-·--·--·-·----·----
------------------'--,---=--. 
-----'--,--,--_.- -_. --- --. ---~------------
--,--'--'--,----,-~.-- _. __ .- ------.-------------
-------------------------------
-'--~------ --.---::::--;;;;;--~-= 
----. ---_ .. _--- . ---_ .... 
, 
------------ -------
_ . .l._.: _______ ._._ 
... _._--- --~---~--:----
.. - ._- -----_._'----_. --
---------.---. -- .. _----< 
___ 1_· _~_ . .L _~. 
i· : 
'" -----.-----~.;~-:~.~~~i-~~- !~. ----,.;-- ._-_. 
, 
, 
1. 
--------
-,-------_. j---_._--------
.. ,. . . . 
--_. r"- "r--'----'--" --.--_ ... -.- .--
6.38 
o 
o 
CO 
--
'--i---:--+---;---" -.:----:---:-,.-----.. - --;----;- ------~-.-- .---.--.---- - ----... --. -_._. 0 
.i __ ._:._.:....._· __ ...!_.~ __ ~_. ___ . __ .! -.. 0 
~i_~· ~r_-----r----~~-----r------._----_r------~----~~ 
........ -... 
---- .. -
o 
({) 
C\I 
--
o 
CO 
o 
--
LINKAGE 
o 
o 
Ol 
0 
(\J 
t--
0 
'<;j" 
I{) 
LOAD. NEWTONS 
0 0 
(() CO (1) 
--
10° 
CAM 
FIGURE 6.17 
20° 
ANGLE 
.... I 
, , 
__ -+-__ , __ ;,_~ __ ; ___ ,~, I 
I ' 
6.39 
75 
50 
FIGURE 6.18 
,...,..,..,.,-~-,----;.-.,--,---.,-..,.---,-~~-
.. 
------------:....----~-------------;-------..: ---_. -' -------~--.;- ---..:--....:.----
.' . . 
--. ---_._---;-------. -----------_._-_ .. _--'-:---------- ---------.--------'--- --_._--------- --
-' -.'----. -.----.. ;--.. ~.--'----.,-------. ,--,-_. _. ____ ... _-=-~:-:::::::1 
.---. ---_._._-"-- ._------------ ----_._---_. 
--'-_ .• _--_._. ----.;...,;.;.,;. .=_._-----_. __ .. _._-_ .. __ .. 
--.~--------.,---
---.-._------------- ._----- -
.  .' 
, 
._---- .---_. ---------.. - -".' 
._.L ____ ._ 
.- ....... -.-... -~---:----:-~2 
-. _ ...•. __ ._.-.- --- -----_ .. _---_._._._--------
i. 
-_._---_ .. _-_ .. _-----_._._-------_ .. __ ::"":-.- -~-
' . 
... -. __ ..• ---'.-
--,-.-. -.--' ~----:-----: --'----~.-:___:_-----:--.--;--.----.. ---:------------ ;---:----7'----: -. - -:--•.... 
: --, -- ---.. . -.. 
6.40 
o 
o 
CO 
-
W 
....J 
G 
Z 
<l: 
2: 
« 
u 
o 
o , 
r-----4------T------r-----,-----~------r_----~m 
o 
to 
C\I 
-
o 
ex:> 
o 
.-
LINKAGE 
o 
o 
(J) 
o 
N 
I'-
LOAD. NEWTONS 
o 
to 
rt) 
o 
<Xl 
011,,1 
o ,Ill? 
\)(in'~.~. 
O:J(,'" 
i)lli)~~ 
00:)/, 
oll,,"? 
IIUdg 
!PJ(liJ 
Ol}' 0 
1i"11.~ 
o p 1 ? 
I)")~ 
0,'\/. 
Oil1~ 
()nlf. 
(H'1 7 
i)'1) " 
ne'1') 
I) ,).J (I 
(,I; i 1 
.. 0 11 22 
il;)l~ 
[),' 1 1• 
Oll;'t; 
o q 2 f1 
Oil l 7' 
.0" L" 
QII/O 
t) p _~ ,.\ 
Od )1 
I) '. _~ ? 
. - ().) -~ ~ 
q It 'j [, 
P r{fl 'd' "'1 ( ["I) 7J 
IfjP\I'T 1,~"r"l. 
O!fTpllr 1.,""=1 ~t'l 
F fJ f) 
~ t·\',S 1 [·1[\,)111 
!, P' I' '! '; T n" \' ( I,. ,) , Y L) ( 4 fI ) , 'V, ( h' ) , ft. K ( ?? ) , ~ ( ( ? j) , T ( 7? ) , [, I ( 2 2 ) , T T ( " .) ) , r ( 
?I"I) ,1\( I,'», C (I,t',) ,I) (/,1,)," (I, 'I), I' (I, ,), IJ (1.1,4(1),7 (',("f, 'I), 'J (I. 'I) ,I,' (1.:)\, r ( 
.2 /,,)) 
C ,"J !·11!, ().J T, [) I , T J , T f: , q , P P!'JI , '1 0 ~ , (". I) , .. \ ~ , f.. " , p , !' r , 7 I I) , r 1" , , I, er., V , F F , ,j , '1 
"',~I'TF(2.s~) 
11,/ I r ~ ( ? • ~ t, ) 
,-",TTI':(?'7) 
\l ~ ~ ,) (1, ~ 11) n 
D,) 1 I : 1,,~ 
, I-'I.;AII (1.:W) I.I(I).N(I) 
I ::: 1 
2 
.3 
I. 
~ 
~ r ::: .1 
[>'1 l I. .- 1,1' 
.I ::: 1 
v ::: iJ ( l ) 
'T :VT+K 
~t:.\r) (1.1.1,) 
I ;) ::: • , 
I) ( I , " L 
I F ( .1-1) .,.~,3 
J) ,) . I, Kn ::: ~ •• 1 
I ') ::: InHKn-') 
n,! .- r I) 
I" ,{ I T F (1., f,l) • ., ( I • J ) , ,I • I I ( I ) 
I·' ( T • .I) ::: '.I ( I • .J ) I ~ J 
" ( .I + 1-1) ::: ,,( U 
J =: .1+ 1 
I I ( .I - r) ?? /, 
f, I ::: 1 .. ,I -, 
7 r,.,,) TT I"!' 
0> 
... 
.... 
oos'; 
_ O~I_~/) 
, .. 0 .. C.cI)!J S 1 
<-•. -:- ,. 
r:-::' :' -,:c-
l- . 
I)W\ ~ 
,hJ.) 9 
01.11.0 
(JOt.' 
~',.~ ... ' OUI,2 
o CI'~ ~ 
1) ,I " I~ 
f'--.:. __ : t10-,~ ') 
,._.._I}i)1.6. 
,'.' __ ;--:-_.OO:~ 7 
r:. .• '-.".- :-:,Oil4?~. 
r,~:-· OOt. l " 
(J!J~)0 
. 0(::'1 
-
.0""'; 
I):! 5 .~ 
. 0" ., I, 
-
I) iI ~ ~ 
t""" .. Il ! :',(, .. 0')S7 
Oq')s' 
O!) ')9 
.-
_I)"t ,I 
_. Od() 1 
~ ... l) !i (1 ;>. .. 
-
... O\)h~ 
:') (\ '! l. 
-' .. " I) 11 L'i ') 
_. 
.. 
r I; = KT. 1 ... 
J = 1 
.1 =1 
~I f ,. ('I ( .1.1-1> -I' ( !l - •• 11> 
lJ K = 1 
1 IJ 
11 
12 
I. " 1 
H (T-k> 11,14,11 
• = r+'.I(I) 
I = I. + 1 
IF(I.-'1,1",1",1/. 
.)( 1 , .I) = .)() -1 , .1 , 
Ij., 11) 14 
() , 0 , 1 .~ 
n () ( 1 ,J ) = ( (, ( 1 + 1 , J - 1 ) - ,) ( 1 , .f - 1 ) ) I ( I1 ( .1 .. T - 1 ) - I, ( I ) ) 
1 I, 
1., 
r,)', fJ jilt: 
T " 1 + 1 
U (I-~'C) Ij,1S,1~ 
1=1 
.I = .1+1 
rc : U:-l 
l~ (J-IKT.1» N,16,1~ 
1~ Cl"" n!J\,'; 
I'L = ')(',\)-\'(1) 
JP :: i.J+' 
Z(1,,,:,, 
I' )\, I = ?, r. T 
1l 711,1) = i1. 
P I 1\ ,) ( , , '.l) r·j P 1, .~11l ~ I '1 (I , PIP': , ~ R. R fH~ , ~: , p , T C 
n~.l 1 1 1 :: 1, r I " tA 
Ill: .~ 'I (1, I, \) • 'I ( I ) , ~ ~ ( 1 ) 
11'~lrF (,~,,'+I\) l,4!1(l),',l)f(1) 
1 11 i'r ( I) = "I ( I ). I; 11 
Cl) 
... 
'" 
o tl () l ... 
c~ , ___ 0/' (, ~, 
DOtlY 
"ll I) I U 
,,:'~~; ,)1171 
" 
I} "12 
, ()lln 
\)'111, ~ 
() ,11 ~ 
0" 1(: 
~ ____ O!} Cl 
L.- _ 
r: o '- ---
O"'R 
_ OI}?9 .. 
0~1'il) 
Of.; (': 1 
o 'J :? 
~ .. , __ .. nOd.5 
0 11 :"-1.. 
(}!J .;;, " 
I) !I 1\ f:. 
JOdl 
0" :,' " 
o I~t\(l) 
. 1) rlt; (I 
() ()'~ 1 
I) 1)9 :> 
ni)li~5 
o fI (I 4 
iJ,)(J 5 
I) IP,I/, 
h,) 1" ! = 1.N",' 
RF.41l (1. 1,,,) A(CIl.fI!CIl 
\'" r T I, ( ;> • I ',) I. A ~' ( ! ) • I • " I ( I ) 
A .; (J) = ~ id I ). (; " 
f' I Cl) = "I I I ) * f, 'J 
T(I) " ,H(I) 
1" 11(1)" r'l/l) 
P = PkGt'1 
"l~ = 1.*,,(11, -1 
~ U ~ {) I " 1. p, 4 
2.'.1 Y (I) = ;'1. 
11 ~ J T E (?, {I (}) q PI! , T r. 
y (1) = '111.1) 
~ ( 1) = I~ ( 1 • 7. l 
J)1.~1 • 
S = ,). 
X " 1? (I 
\1< I rr (!. 4/) 
',I 'I I P= (? /, ,~ ) X • r; C • " • F F • Y ( 1 ) • F r 1 ) • ~ • F ~ fI " " 
rq A:I " 1. 
7 ;! 2 Y TA:\ ,= ~ 
21 IHI 2 i. I = 1.~' A 
Z;! YnC[l = Vel) 
X t) = ~~ 
.1 " 1 
T F (X - I,) 6 P • 1 (' ,) , I." , I~ (' 
? ~ C I' I I .) /I ", ,~. (", r: , 1\ , n , r , f) , "" , K , I))C, ) 
FRM~X = A:!~(F(l» 
r'l.l It) 1 ~ 1','"'' 
IF (f~~A.-~~~(f(I)l) ~4./4./~ 
?4 rl!'\'\~ = fll':(f(I» 
. 
.... 
'" 
. ____ u 09. ~ 
- () 1l1.J (I ;. 
1)1!l(1 
~~_-:.:-;;:-.. ;~ i)_1t~1_ 
. \) 1 n? 
I) 111 -'; 
. __ il1 d/ •. 
,. 11 1 ,) ~ 
01 dt: 
. ' 
--.- . .. 01 tOil 
01 W'i 
.. 
~) , i J t) 
01 1 ~)- -
01 1 1 
,0' 1 t 
I) i 1 " , 
()1 1 I. 
-. 
i) 1 1 ~--:. 
01 1 f, 
, (I 1 1 7 
01 1 ~{ 
, 
,)1 1 
" 
.. 
-
(,1 /fl 
_._._--- ill 21 
" 
01U 
.'. 01?, 
o 11. I. 
". 1)1 "0;. 
.01.'/, .. 
"'1)7 
.- .. 
2~ C"NT I 'JIIF 
,IF <f'PtlAX-~kP.OII) .~'! .I').?ri 
;.(, [\X =f'X/?. 
J = .1 + 1 
1 H .1 -I.) I.l.27.? 9 
. /.1 r. iI wrr 'jI It: 
nIl 'K' =: 1,~1r'\ 
21' V(I) = ¥[lCI) )( = ~j) 
(,., [11 7$ 
lQ IF (~'\S(X-Xr~II-0TA~}-.nll') ~".3n.~' 
~(I S = AK(l)'(V(1}-CC)/~n 
C~l.t Ilv'\n/,(y.r.~JA.V' 
'\ r: = (\ I' ( 1 ) • I;' I) •• V P ," ) /111 ( ?) - ( f I( <.? ) • ( F ( 1 ) - v ) - ~ ~ ( 1 ) • \I) I ( (- . * i>" t. * n I C ? 
,>})HF 
. J ~ ! T I, ( ) • I. I') X. re. 1/ • F F • Y (1 ) , ~ ( , ) , ~. r, , r: ~ , .. ;111 
G·) r(1 ?2:' 
,,1 1'il 'S:' I = 1, "A 
,It' v"<r' = Y(I) 
Xf) =X 
(: q 'In 
,'S ~ . F '.1 R: 1 .\ T 
.~(J Y;:1)~!.i11 T 
.~ 7 ~I)IIIPT 
.'H F,)II,lAT 
_~t.1 r,,"",IT 
40 fl)f}I·~··,l 
I. 1 FllP'!/J T 
It? r ,II~ " tl, r 
4~ F "od'\T 
I~ I. r .11',1.1 f!." 
?~ 
( !).' p. f: • I~ ,I r. S T 4 F r p 11 I H, R r. " I,) 
(1.1" ":JlrTJ>PLVllV'Jf CH' r'ES";~! 1)"(: "~,S~ SVSfF") 
(/,', .. 1 ~(I')II~I~l:'fJY (~ntJ{lTTJ.(":<:) 
( r 0) 
(['1).1), ('l' 
(HI.II) 
( ~; i. , f 1 '; • I, , 1 I. , ~. (I • , ) 
(71(I,ffll.") 
(iF".") 
(~II A .. ,(,Ji,I,II) - ,~~.,',I\I: 
Cl'> 
... 
... 
._.0 1 Z)L_ 
011'1 
01_.~() 
. I) 1 ~ 1 . _'. 
()1.1?-_ 
1)1 q 
01.3 I, . 
o 1 ~ ') 
__ ". ,. I) 1 :1 ~ 
..... 
4~ f')q'lAT (~H AV(.!2,I,fI) = ,~().n,f,fl n'I(,12,4 H ) = ,~7.~) 
4h F0R~AT (PH RrM = ,F~.O,'?~ TAP.~L. = ,r5.1) 
1.'1 Fd P'lt.r unl ,\~lliLt VALVE I.IFT VI'fllnfY I,cr.'!. r.,~" LifT ",:!pr.) 
.. ?TY LI)An fP"IIRl 
4!l r" R!).A T (1 X , • l' • 1 , I. f , F K • to , 1 Y , F X. I , 1 X , r ~ • I.' , 1 X , F" • (; , 1 ~, F ~ • /, , 1 .\ , ,H' • I, , 1 Y 
'>,1'11.(,) 
1,'1 r:)~IJ'11I1: 
~r()p 
f: ',! P 
. F: N I) I) F. SE G" '[" T, L H! G T It l73, '·'AME IIn!11 
r:,"-
t) 1 n 
01 "i\ '. 
;"".- ,,- ,)1 ,0 
01 I, ~) 
I' 1 It 1 
n14? 
01 Lt 3 
01 44 
0' I .. 5 
;)146 
,I , It' 
" I) 1 f, t~ 
() 1 /1 (I 
-
0, 'i'1 
, - 01~1 
;11 ,,;. 
,-.. -:. 01:> ~. 
$1/ '3 H [1 U T P! t D 1\ n 1/\ (Y, r , ~ , I1 , C , r , ~'{j , XII, f) X ) 
f) I :1 E ,., ~ J () <' V ( 4 'I) , ft ( 1.0 ) , f' ( id) ) , r ( 4 () ) , 1I (I, 0 ) , F ( 4 0 ) 
to; ~ IJ '.I 
Z=Xli 
1'=nXf'$.. 
. I'll.' 1 (= 1 I t,; 
1\(1)=VCl) 
1 C;!IH! ~tJF 
x=~ 
p,) 1.1 ,J=',~ 
r: '\' L l' Y 'I r, ~ ( y , ~ , 11 , 0 
fll) !1 1 = , , " 
r, , IT') (", 1 2 , ,', , 1 4 , 1 5 ) , J 
11 A(I)=i1*';(I) 
V(I)=n(J)+A(I) 
G;i 'II! 21 
.. 1? H ( I ) = 'I * I: ( P 
1)1~1,_ 
__ . 01 ~ 5._._ 
n 1 ".;;., 
il1.'J 1 .. _ 
01 ij ~ 
I) 1 1)9 
tl'f~(}.: 
111 III 
1)1(,7 __ 
_tll!..I. 
-.,~ {J1(,~ 
01h'l 
-d11 ,,~ 
01 (, 7 
«), h H 
=-.-._. : 01 bY ___ _ 
11 1 71, 
fI'7' _ 
01 n 
0117 
illl~ 
_01/<; 
,)11f,--
'I ( I ) = J) ( 1 ) + ( " ( 1 ) + n ( I ) ) * (] • " 
r;" T') 71 
1 ~ 11 ( I ) = '1 *" ( 1 ) 
Y ( I ) " ') ( I ) + 0 C'I l+ B ( J ) * I. ) .11. ~ 7 ~ 
t;1) TO ?1 
1 I, C ( J ) "'I * ,: ( I ) 
Y ( I ) = " ( , ) + ( A ( 1 ) - tl ( I ) * ~ . + r ( I ) * 4. ) * 1 • <; 
" .) Ill? 1 
1~ 7 =1)(1) 
1·(I)=·!*r(J) 
Y(I)=1+(~(I)+r(I).4.+')(I».0.<; 
F ( I ) = ( A ( I ) * ? • - n ( I ) • 'I ~ + 1: ( f ) • 1\ • - " ( I ) ) /1 I) • 
;> 1 c ,PI 1 f'. Ill: 
(i ! I T P (.S 1 , 4 1 , .... :~ , .~ (. , l~ 1 ) , J 
51 X=7+~ 
" (; q Tt..! 1.1 
:~.\ X" 7 + n X * ,) • ~ 
,;., TO 41 
34 X=J+l)~ 
I, , C·I~'T "11110 
X;i = X 
"I'T"'~'J 
r 1J f\ 
0> . 
... 
0> 
:.. .... 11117 
..... !11 7 X 
!) 1 79 
{J1 ~:t). 
:t1'.~~1 .. 
()'~2 
...• : ')' " >; . 
.0' ~ .'t 
.. 01 'i5 
... 1I1 L6 
. 01 il7 ' .. 
01 ~ ,~ 
, il1 /\9· 
r: . 01 I) I~_, 
n 11) 1 
r: -,- I)' 'f} 
!1' (/ "). 
r:" () 1 t.J '! 
U' 9 'i 
_.0'1)6 
~." 111" 7 . ... . ._. 
01 f,};" 
0199 
.. DLolO 
01."1 
... J (') 2 
(Nil ' .. IF 
~ Ii r, 't n Ij T 1'1 r 0 V" 0 X (Y T , f • Ij~ , X T) . 
f) ( "1 ~, " S , i1" V T ( '. n ) • F ( loll ) , ~.~ ( ? 1 J ) , ~ " ( ? 2 ) , !l r ( ? 'J) • T ( ;>?) , " J C " n . TT ( " ? I , 11 ( 
~ ' • .-») , Q ( I. d • /4 n ) , I ( It ! I , l. q ) , \.! ( I, I , ) , ~I ( I, d ) 
r. :,'.1! 1(HJ T,!l I , T l , T C , 11 , P P ,"~ , "I () ~ , (: II , ,,~" , P K , r , [) F , Z , 0. , I( T , IJ , C (' , I} , r ~ I (i I ;~ 
P!I 1.1 t = ;>,YT 
41 7(1,1) = lCI-l,1)dXT-II(1-n) 
f\,j ,,'~ ~: = 7. i' T 
!\I Id 1= (.,'T 
Yl = <:-1 
lCI.n = (7(1-1.n*OT-IJ(\-1))<XJ*!.(1-1.<-1l) 
J. ? r., I'n I 'jll f-. 
[,3 CdNTI'il1r 
cr. = '1-
" = fJ. 
fF :: I). 
r, = (I. 
1» !.~ ,= 1,¥T 
re = er. ... 7(1,1)*1(1.1) 
\I = If + 7(T,?)'f)(1,Y) 
I'r',: FF'" 7(T •. ~).!I(I.() 
r. =. (j + 7 C , • I, ) • ,) ( 1 , ( ) 
4 /• CII~!T T ,'] 11 [ 
r C 1 ) = C A IlC 1 ) * f F * I> •• " D'I) I I)! ( ~) - ( A I( ( ? ) * ( y 1 ( 1 ) - r. C) - Ak ( 1 ) • r. r.) I (I, •• !,I* HI 
2IP»+V 
.., t T I! I~ -.J 
~ ,~n 
FI'II",il 
f-"~" --~ •.• ---. 
')Il.~Il.I.? 0."1 CO~f' GrVF'J 1216Q,Ct.(lI.'KEf) \).()~ 
n.~l ,:~ALTfD : lr 
[11 SPII\Y: LrCllN~(!I 
nI" il F ", ~.; f'.j 
fNo nf t~f,c~u 
PAf..\;\r~t:T(P !"LJt'nr>~ :. !I~!'\Cf:f.S~Ef) 
r.p.~IAGS1:\rr ~)POGl{~4 4 
t"iJLTII>'jI.Y,1Vt,F r~i: I·F~ll;'I.(t"J~ fI~SS SYST"'l 
t'l1!111lr)JiRY C(,q'JP I T I Pi,S 
" ___ A""'j ( 
_ t\. ( 
,).1 (1(,OtWF-l>1 
IJ ~ I; {lli("} (I 1'-\.1 ~ 
\). fJ(1)(,;l(lt i)f' 
,O •• J(lIlOI)f1E UP 
'"'. '}P(JO!)(lE ,)11 
O.')tll!{;OnF IIt\ 
()./t1 nfIO f)E-n1 
!.l.44(lf:(J( i f- o ? 
o.O(l,":ndPr: VI' 
(,.1!(171)4f-. nn 
O.l)p(d1i)')t: U(I 
. __ - () • 1 i't, f!"() fI C - 0 3 
n. ,.I('u(,,)(\[ 'J(I 
O.I)!i{ifIOfl;: dO 
O.d(t\I(:ill'r: 4"t{1 
,(), 'J(IIl(1 Ofl to iI(1 
,).I('1!(if\l)E-01 
"" - r) • ' .. !; 1".0 {) n !-= - ... ) "( 
0 • ..) i' ilf' 'H'!: {) (I 
IJ ."1 i'(,f't(lnt-')1 
- fI • L. (, (I r. Cl (l F - (I"~ 
o. 'Jr)t'Il~Hd: lit· 
() •. ) n '-' 111\ (H, 11" 
{1 • ;) ("I () 11 (I n ~: 11 (I 
iJ.~Jl"(",(I(I(lf: 1.1 1• 
1) = r./'4t1 Pt:( 
.. ) = ') I ill 
, ' . 
1 1l0.(l 
? '110.0 
:; 1?!l.n 
4 1?fl.0 
~ 1/0/0 
(, 1 :' I) n 
1 11,1.11 
(' 1,,1.0 
, 1,,1.v 
1 1 (~O • (\ 
;> 1,,0.,-', 
3 , ;~ 1.i • (I 
I, 111f1.1l 
~ 1 ,'I I) • n 
f, 
, .'i " • 11 
7 1 Iq) , () 
1 ?19.11 
I 71<),11 
3 ;'1('.f. 
1 71, ".11 
" ?I.O.() , 
,~ _/I.n.(1 
I, ?4f1.fI 
~ ;>4".0. 
(, ?/tll.O 
1 ) = 11 o 1"1f) 
n 1 ( 1 ) = fl.oOn 
Data expressed in Imperial Units 
(i.d. inches, pounds, Ibf) 
, 
... 
0:> 
~ r. (.n = 4 ~ (I () i) • ~ I ( 2) = 
HP" = li(l(' •. Tt,p.et.. = 1,.(1)11 
',\ t, ~ I,!' V A L \I ~ LI f T \I r L Cl C I '1 Y f, C r: 'I • r:,V! I' FT" t' I IJ r I T Y I (\ ~ 1'\ F '''/0 R 
___ 1 ?J .• U (I .. (' 00 r) PI) d .. ('to ;)'\"-,0 tI. ()~)f~.IJ()I) I.) .. p1,-'''~)() ~ .. 0 (!" I. fl tJ I' .. 000 n fI/\ 1I .. j):) n ,) 1 (\ 
..... __ ,1/1.') O.Olll/,{\il ,.1.11'1,)1.;,0 0/00('1)0;> 11.1",)~n7 1).(I"nl.~~ ".llfl()1l11 ".'""")10 
.. _1/1.1.1 O.j}1(}.~(13 O.:)~l~ll • ..It.) f).{)I.lfH)?1 {)~P'1tl;_l' O.I"lf,O')ff6 fI.')(lf)·)-?(1 ('.n:){lr)10 
·.1!1." 1l.('11?~1 il.M,.1I.'i4 O.OOPI)'II. 1-'.1I1Ir)~ I).OII,I'ln.; "."n()'II." (\."1)(t,)1('. 
.. 1/4.11 {\.(\1'7:~~ U.1III.)).",)-'1 O.(lllfl1t.!1 (l.n1.~I(Oit n.nH1~>~4 1~.nt,(}·~f,l, (I.(\)j';!_'111 
1/.t..,.!i I).P1?4P() ii.JO')71~P O.(I.,ftt'!, 1i.{,1! •• 'f..4 n.l)n1A~' q./)Ol)~l(\ P.(1:lll!)10 
1!!J •. tJ Il.r.15_~31 J.fl010'/H ().il'H')/.I~ 1).p1/.Ilt,f. p.n!'1'J"l Il.qOII:J'l."" ".(11)01\10 
1/1.0.· I). (;1/. (,? Il i). I) (l 'I ~ i)Q O. (Ill [11. ~ ,) t). Il 1;\' ',1 (\. II(,)? I) 3 i'. I! It l)} 1 1 ". f\')" I 1 (I 
1Ll!:.!._ O.r:11·~7?u.I)(11fj~6 O .. (1I"'lf,()i' r).(I/I}/,/t '" (l.n'_!?1.1/, (J.!)I)iI1lJ? (I.O(II'11!) 
1)';I.f! O.('1g/\1Ii O.dO?I ... -I;,'. f1.0"Il~;07 ('\.q'((~{)')t, O.n(,?617 /).OflI1197 fJ.llHfI:)1(l. 
'.S'i.!l iJ.(12.17')')? \J.iIO.~l)/\(, (l.(t\llil,HI. :).11/.",77 O.(lI_)?d·~/t .,}.{I(ld;>1? (J.(l)Ctd1l) 
1.·~ 1 .. (I () .. I:l.' I, ') 7-1, ,'} .. -:')0 )/./~ 7 (\ .. (Id P '+.~' 0 .. (l? '~A1 J' () .. nj~ ~I}l{, q,. "no? I. n (l .. (l ')(,,11.l 
1~l.,i O.('?K;J?!, 1).;lIl~K4') (l.(1n(I.~(}1 o.O_~1~~17 (1.f1I~"(~O:·J 11.1)1111-',)"1 O.n'l(l~'1n 
1_,)_~.O O.(13??39 iI.I)/)/.1"j O.(,d(I?Kd O.fi5'''!:P, n.(ifJ<I,1·~ :).IHlt)/f)f\ n.{I~)f:)1n 
__ ._ 1~5/ •• Jl O.()..'d~5'jn IJ .. P()!t4.~' o.(~ont'(' 1).!)_~.'i(I:)S (1.fln.~~"'4 f.l.I)!1n?I,(\ fl.(I.)n,)1,) 
.. _~_ 1~';.O U.(:l"O,}H O.I)O!~ArJ'l O.fld('1"7 f\.!Jlf~lI~rl O."O/ .. 1-'Q-, i).oOn??I' fl.Oi)ttd 1 11 
_ 1.~I~,.il (J.II/I'll?') Ii.OOt.7l9 O.f.lO(l1'" ().llft/??I, (I.Pl)/,·~f.O nooO'II)!·)7, o.II'lrl i)10 
1S7.1I ... iJ,(,'iI'S!1'1 ".('''41'10 f).f)O',!,!)? (\.O~1-'?/. ".(I')/.~I,~ 1).(\(1111'i~ 1'.(1)');11 /) 
.1~1,.1! 
l~r;·oo() 
1 I,,)./) 
141.11 
1l t! .. li 
14-',.'} 
. __ 1 /t ' ... d 
, It ') .. 0 
1 /+(,.t") 
141. ,-, 
I). (l~rl.~~l 1J.1)(l/t>~r)K f). nrlll{l-:;t, (\. i).,,~7,/+I) fl.'III/~(,r,j> 11. nlll,11' (1.(lt)!,,!1 (, 
O.('t,fI1.1() il.on"'.Hg/ .. (l.OQOi;1}) ').,n~\ln~~n fI.OIII."(U? 'I. "fll)!l 1'-) O.f..li)ltn1j~ 
O.{\(!S1(;1 O'.Ll(lf.t{"l o.Oi}(,dP", (J."'f:,"',llI, tI.(\(lf,i,(':<H (\.q(lOd/." "./' If'd1f1 
1'\.1I70:I(I\.' ti.i)n4lJ(I~) O.thHiql)!) d.I.l('J1:~7 /I.lIn/.h')? o.I\(Q)n1>-J fI.C")(lil1() I'. n7'.,·;9() 1_1.1)1_1!~t.(il -.')~'/\(II)f\ ,'1. ~I/');.~I,(\ (I.O!I/,(IIIII - .il'll)"'-li ('. (,-l(l)1 r:: 
o.,':lQ71.J? d.(iO/.t~,(\1i -.O!),)!),; i).H}' l'llr.., O.Olll.'lf 1{ -.'ll1nll;1\ fI.O,)fI,l"tn 
1I.I,:'~lAli (.i.rlot.H/1 -.(~qllt..1/11 0.')"'·',1.'\(, /1.1I11/I,dO -.~dI1)n~;' (1.(.11)',')10 
f.l.P,'{)~~2 d.I/Il!~K4A -.(lIIf~(I~n {I.li'}'!?,'? (l.qi",~',I.\) -.('III!)!!/,? O.00l1d10 
!}.r\(II.~(,? J.'1I1. .. lJ11 -.f)Olldl-, (1./)')')(1." f\.n!lI.'7;~ -.:I(IOII/ .... J 0.11'\('-')1(1 
d.O~.91"d H.I)Il.: .. /(,i. _.(ltllll1~'ll il.i;,)/)I", (l.n'I(~I'" -.'-I1\()II".I. II.P;)cj·i10 
__ 1'~d.O 0.1 l'3P.!<6 tl.I)"I,71)~ -.Of'll'f)I,5 ;).1 11 4"25 o. tll_l/+6.r::.'i -.noon",? ".nl]n'11n 
1'_\l.fI U.1"1'556 O.()O!.t.~~ -.1)1111017 1l.1q'i1/~~( n.n~~/~'l~h -oo(jnnll/l~ 11; n.)1I.)1 il 
,.1 i(). IJ 1.I."1_~1'~9 ').1)111,:>';1 - • 0 ,'If \ (I ~ g 1I.115f,00 (l.nl)l~&;;10 -. Il.(\f)1'7~ tI .. ~I .1 n 'J 1 (I 
0 
, 1 ~ 1 ~n fJoo"'176~/. (). \) (1/.1. I) ,(~ - .. (1:\ 1111 (' 7 ,).,1til11 n • () i. i r. it ;' 7 -.llrl i )I);5":? flooll~)f1il1n 
--
" , 
-
.-
1 ~.:: • I) Ooo'??{'62 (J •• 1I11..s~1 -.1"11\1 !l5 11.1.!,~"~f. o • j\ .) " -1, 7; 7 -.ono(l()() (). (,:)11~)11.1 
- " 
1 ~.-';. n tJ.1 ?t<~f,5 Ooo;)lIt~t'4~ -. (\il"112 I) • 1 j! r, .J l~ 7 n.fl'l/.c~{{ -. ,ill!]n')? 11 • ill) (' '11 () 
1~4.1j q • 1 -'05)1') u.P L 41 I ~ -. (lflII11 / ,I • 1 ~1P~'; n.H!I/~1~~2 - .. (l/)()' 1)/, 
" 
•. n I) (I ) 1 (I 
1"~.t1 {Joo'5t..6~ij fi. ('04014 -. nillll '/t'. .-, • 1 ~ ~ 1 1 5 n.rlli{.(11(J -.no'i)1'1! noo 01":!l1 f) 
1~(Joo!l '-' • 1 :~ h 5 ~~ 2 d. (II\_~~\(IO -.(II'"1;>S I) • 1 ~ J/I?H () • (l ~.I ~ .1 n 0 - • 1\1\1) 1 1 7 11 • fl .) fl • 11 fJ z--; -
-
, 3'1. I) 11.'1.2410 \l.1I0,)'.,/)S -. O,!l11 ')0 ;).1 /'!"17 11. rll1 17'J1 - • 11 ~l f), ? ~ fl. (1)()!,11 n 
, 1 ~ l.: • I,~ ~ 0.11,( 1 (Pj I}. !)o·-;{'.S? -.i"ljl1·~~ d • 1 I~ ') fl ~ ? (I .. (II~ ~/,:<C) _ • ,)/1 iJ" ? Ii 11 
· " 
1 n 111 i) 
t- . 1 ~ f.,.' • !) 1).1 !,,9f,"!5 Il.I·11l ~1.')H -.1.\,)01 :,1 doo,"',)?,i? (}oolIli~t)n? -:. '!lIII'.1 ~ n .IIIIil01 n 
1 t.,) • I) 1).'~.':<1(1~ lI.f)n5.~)Q -.ndol'·1 il.1"')A~7 0.0111; 1."0 - • 'I " n , ~I (I. (i'l!lil1n 
,~ 
-~ , ",161.1', fJ.1 r, f. '~(J tJ 1).II'I·~~16 -.(ll_lll1t,,'j 1\.1 ~,,(J'l? Poo i)f1~t~1:; -. nf\u1/.~\ 11.011p!_111) 
1
'
, ~ • d \1 • 1 ., I) 'i ~ :S \1.(It.'.)O(~(1 - .. 0 \ 1111 ','J !I.1 f)!)I)?f' (I.nO~.)f~~ - • f' n 0 1 I. I, n .p,}{11}1(J 
, 
1 f) :. • U 1I.1t,?';11 I). iIIl!'/1 K -. (1,1"1 ~/. lloo1115 1'6 1 ()oo flt,,>I) '10 -. O(1f11 47 n. {I·1on1 n 
--.--
1 f1/too() I!.1(, ~.Sf:>l (I • j) (, .! 7 f) ) - .1.lI,li'1 ~j~ 11. 1 A'; !» n f1.0d?/t.:.4 -,.'ilO1'l~' n ooO:) n1 i1!'l ;.,...... 
1f:'i.U U. '1 6,\{:) I. ;.~ (l. !i!)!.6 1.'! -.(\""1'·'1 ').1"-j~?7 f) • no') .") () ') - .. 1'111)1 S:J !I.O'ln~l1" 
'1 A ( •• (l 11 ... l (, 5 t. t" 1.1 • :, (1 ~L)i\ 
- • () 1.1 (11 " 5 " .1 11 f1"~ .0.(\,))1.', -.n~~n1'l" noo(l·loll", 
1tol.tl ... !,I • 1 72 IJ "? j I). DO!.? 11 ~ .. (1Ill,1 /q\ ., • 1 ( ~/ ... ')1 ".f\(l?N·~ -.nn01';7 n.';:1i:.)1~l 
1 ni,. fI ,1).'7~11" n. ,)(1)1 I" -. no)('111 (l • 1 1'-;1,1 .. 11 11 •• ) 1\ ) 1 " 1 -. ,lIq)1 "i 1) fI. () ')fl.l' (} 
1 Ar,.'.iJ I).1l71"~ Cl • ~) (\ 1 (~ 10 - • {h)/'1 ('\ I I • 1 I I f,(,?' (I.111\1'J·)2 -. I,MI' ,,1 (I • !1 () i! :) 1 ,"1 
-,-",'0 ,~ .1/1'.0 ' 1l.1lP'If,·,i ,1.'1/11/')7 -. (l1'I0 1?/, Ii • 1 1 'I ~ 1 I. (I.,lI"/f,, - • 1\ t, ,) 1 l) ~ noo (1')(\1)1 ',) 
'-' 
~ "1/1.1\ il • 1 " ('I') :~ ,'< {I. 11111 ~'\? -. (lnn1''':'' (\ • 1 ~ 1 , ., .~ Cl • I I 1\1 I) ~ ~.~ - • tIll fl1 ",~. '1. (1""'01 () 
11t: • .-, /).1 ~,?1 :~~ ,.I. ;,1 n 'j I .. I' 7 
-oo()<H I 1':) {).1H;I.f)(J n.n;i11.11. - • d (h) 1 {,f. 11. (1'11")' 11 
--,._. , 1/:ioo t j 0.',0,3451 !l.II"l/,? -.°11(11 7 (, ,).1'\41l~1 (. • () ii' ;>~ i\ -.ilnil1~7 () • n ;') (I ;) 1 :) 
J /1 ... • ',I o. 1l"/~l)(.J~ n. 1)(11 il',l, -.0.,01-'6 r') • 1 K ')' .~ 1\ n.iI'" :Jf>i' -.iIIl1\1(,,( 1l.(\~11l/)1 I) 
:; .-~ .. ~.1.1~.O O.11'~~t4 1.1.1.1 Ill) h;~ I) -.Ou t '1/fl 11 • '1 :; I,' I, 4 (loo nl.lilP~') -'.1(111)1/)" il.lI l)II!l1 () 
.1/6." f.Ioo 1.!~f, ~"t.l \) • i") I1 '-'liA -.n flI1 1 11, 11. 1 Ht,OI-,I) 0.(")(1117(17 -.II11f11"'H 11 • (I \('010 
.-
.1 (! . '.1 Ooo~t,t~(}?1.. n.IJI1'l~ ?(~ 
-. °'.1 11 '1 rh 1I.1 d l"·j" o •• Hdl:;~(\ -.0110' "J!l, 0.01)0;)10 
1/i{ooi1 _(I • 1 .0 7 I. , c n • ,'10 .. 'l)",,) -. WI(\1/t. ').1,'( ill ~c; fl • fJ Ii /\ 1'? -.fI(l/l1~V ".nlln 11 11 Cl 
. 
---_ ... en 
0 
,7 ;;';"7-"~"-' "-.-,-- -, - ~ . --,--- --- ~ I 
.. 
, 
1 79;0 .. I). 1 {< 7 6 76 O.Ot)<'1176 -.(\0017(, 0.188303 0.n00174 -.OOO1(,Q 0.OOfl()10 
1 HO. 0 0.1 f.77('4 0.000000 - • 00 '11 7 (, 0.188393 -.OOO(J(14 -.0001(,0 0.OOOO10~ 
1111.0 o. H>7676 -.00017(, -~ OOfl176 0.1/\8305 -.0001112 -.flO016 0 0.000(\10 
1112.0 0.187412 -.000352 -.00017(' 0.1 aiH'40 -.000360 -.00016 0 0.000010 
183.0 0.1f,6972 -.00052/\ -.000176 0.187';96 -./):)053f1 -.00016 0 IJ.OOO010 
184.0 0.186356 -.00.)7,)4 -.00(1176 0.186 0 74 -.000716 -.000 1 69 (I. (lI)001 0 
1/\5.0 O.1f.S564 -.OO08i1fl -.000176 ('.18617'.'0· -.OOOB03 -.000161\ 0.000010 
11l6.0 0.184596 -.001056 -. (111(1176 0.1851 0 7 -.001!)71 -.000168 O.(iQO()10 
187.0 0.183452 -.001252 -.000.176 0.1B4f)43 -.001248 -.000167 0.OOO()10· 
11\8.0 0.1821.33 -.001407 -.00')175 0.182 7 12 -.0014?4 -.00016'" (I.000010~ 
11lQ • 0 0.1801;38 -.001582 -.0(1)175 1).11:117.06 -.O(J1S99 -.00016'> 0.000010 
19 0.0 0.1780(,9 -.001757 -.00('174 0.11952'.'0 -.001773 -.000 1 6."1; 0.000010 
191.0 0.177125 -.0019$0 -.00(1173 0.177671 -.001 9 44 -.000161 0.000010· 
1n.O 0.175110 '-.002101 -./)')0171 0.175('1.7 -.00;>114 -.0 0 015 9 0.(100010 
1 o~.o 0.172923 -.002271 -.00P161l ,1.173454 -. (10;>2111 -.1l00157 o • (HJ(\ i) 1 0 
19 4.0 0.170569 -.Q02438 -.0<)(1165 O.1i'1096 -.OO?445 -.0001S~ O. (1/)1)1)10 
195 .• 0 0.1(81)48 -.002602 -.000162 <1.163575 -.1l02601; -.1100151 0.000010 
196.0 0.1(,5367 -.002762 -.000151l O.165P.95 -.002764 -.00014'1 0.000010 
197.0 . 0.167.527 -.002918 -.OOfl154 0.16311511 -.002919 -.000145 (\.00(1010 
101l.0 0.159533 -.003069 -.000149 0.160068 -.003070 -.000142 (l.OI)01)10 
. 199.0 0.156390 -.<103216 -.000145 0.1569 27 -.003210 _. 0(1.01 ~o 0.(1)0010 
200.0 0.153102 -.003359 -.000141 0.153(040 -.OO'>3f>4 -.OO013f> 0.00(1010 ~. ~ 
201.0 0.140(,73 -.003498 -.000137 0.150209 -.00"506 -.000133 0./)1)0010 ~ -
2112.0 0.14(,108 -.003632 -.OJ)0133 0.146637 -.003(,44 -.110012 9 0.OOO()10 
203.0 0.142410 -.003763 -.000179 0.1420 30 -.0()3777 -.1l0012~ 0.00(1(110 
~ ;>114 •. 0 0.138582 ~.O03890 -.00(1125 1l.13'l0C11 -.00:0;906 -.00011 0 0.(1)0010 
2flS.0 0.134630 -.004014 -.O()O122 0.135127 -.0040<'Q -.1l(l0 11 ~ 1).0000 1 0 
206.0 0.130556 -.004133 -.(10(1117 1l.131n42 -.004145 -.000 1 1)7 0.000010 
207.0 0.126365 -.i)(142411 -.0001'2 0.126 11 45 -.00425/, -.OOOOQI< 0.000010 Cl> . 
2(18.0 0.122062 -.004357 -.flOIl105 0.122"44 -.OO43~4 -.OOOO~Q 0.(1)0010 co 
20Q.O 0.117654 - .') 04/. 5 t< -.00(11) 9 7 (j.1'd1/,7 -.0044 /,5 -.f)oon80 0.(100[\11) ... 
~ .. 21 Il. n 
711.11 
l1l.n 
,>-1 L iI 
?" t. 11 
. ? 1 :, • (, 
211,." 71.,.,1 
21:<.i) 
21"." 
2/A.'j 
?!1.0 
2 ? ,> • 11 
2t~.n 
2:>1 •• 11 
?? ~ • tl 
21(,. ;I 
20.1\ 
2i~.') 
2J. I) • Il 
?~U.(I 
251.11 
2~;.1! 
2 ~ ') • 0 
c.~!'.() 
?~~.Ij 
?~.f).11 
2~/.·iJ 
2~J_~.(1 
21".0 
" ~ '! lJ • 1,1 
U.11~1/.9 -.))ltl.5S1 
fl.1 fiR f)56 -. (In!..6:; ~ 
I) • 1 'B >\X /, -. I) 1l1.t ,) ';. 
<i; ,,""1 Sl -. ')lll.71.4 
(\.(\(~L~~3 -.1)1.4~11 
(l. (',..CJ"~.~ -'.I!IIt..l',46 
O.OHl.61'i -.dll.ttH/1 
U.n7()"('.~ -.'-JII41<"K 
n. nil,IIP1 - .'III'.~i'i7 
1). Plnu{l:S _. fIOl~I),:!(1 
().(1!,51r.3 -.,III.'tX'/A 
o. {)(JO~~11 -. n01..!o<..'~4 
!).()5"~~lJ -.I)f\4/~·l)~ 
It. r·S(:';(lS -. Ofl{t~/,C) 
Il.(lI,':-l?Y -.;ll'4?lCJ 
!). 1':/., ilA0 -. (lOL.I,/16 
I). (;5(·~/,4 -.',1/14/.-'(1 
11 • kl ~ ~ 4 S -.' )111. 1 '" I 
I.) • n? ~~ ? ? ') -. {Ill 'S ;0{ !t 5_ 
O.Il!457() _.!lflll.!,,,, 
I). n!.1 ~'~'.~ -.Il(}·)l).~.~~ 
II • p 1 ": /, 1 ~ -. q rl.! I. I) ? 
().n'I'.SI\~J -.I·I(11I.,1"~A 
O.1i1t.I,·SIi -.'Jn1~,JH 
I) .. 11 1 ~ .~ t. i -. 11 n 1 f\" f.. 
O. n 1 ? 42 <' -. 111\ .) I1 H 
I) .. n 1 1 7 "11 - .. (, (l , ~I h 'j 
(I .. (I 11 2 :~ (l - .. t' n t) I. ~ ~ 
_ n .. (\ 1 Ii \.l, ? 'S - .. ;' (H-' I. I j(J 
- • (IIH'II><;, I). 11 Sf,,., I, -. n n I, ~ ? 6 -. "1 n 11 117 7 
- .. n ,'\ (11) 77 fI. 1 I).J 101. - .. 11 ;", I. 'j() g -'. ,),1 (In(\ I, 
_ .. (),l(lt)fl r) 1).10/t,.7'l - .. tin/p~I'1 -.()(lO"'l~· 
-.'\.Iilll ... ·~ n.(:()'11,17 -.'1,)/,"1., -.,){i()Il~" 
- .. en /I I) I~ 1 
_. (I,clqi):~fI 
-.O,ljld~O 
-.1)<\111111 
-.ll l l/\iH)(, 
- .. oq'.)qon 
(t./)fij~(I('l 
11.0'1""1 h 
0. Odfll,!~"" 
0. tlfHIIl";~ 
n • () f' I> 1 I! 1 
n.I.'''''1 ~; 
('I .. f'Ii)11~1f, 
fI. ,\"I\~~U(\ 
11 .. fllif1 Sf)? 
n.ll i ll'l,q 
'I .. " (lIll. H~' 
1l.11:)!''Sfl( 
(I. p<.J ') II/+ f. 
f) .. iliJ;) /"){) 
n.fl~'\,.·<7 
<l./lH)'>'1 
II.("')"\(~ 
~I. 0 r(j.",~)1 
1i.1I1.,.,·~~~ 
il.li!)1,111 
,'I.O"',,?(10 
1"1. t'" lil t)1 
q •• 'i4 l •
'
/)? 
{1.1!'. ~".,., 
1)."~1/.7x 
q .. ,) ~ '. fl){" 
t I .. (I ~ 1 ~)'~ ? 
,1.il/'i1 ':1 
1<.11(1"7/ 
".1_::' )1) :'f. 
n.n')f'JI(n~ .).II)l\l~~'1 
I) • n ,jI, 4 ~ " '.1. n 1 .:\ 1 I, J 
f1.lldP~/JH rl.n1Al'17 
11. (1111)!./." !).,'\1 ):'I)~~ 
{). 0,)(11 1'.'11 ;). {)1 ~" 'H' 
O. il'JI'!'7<; ·'1.,:1 I ~?1 
(\.11.)111,11 n. 11111;,.',11 
-.(\!!/,t/,S 
-.01\/."10 
- • fI,"\ 4 ,~ t. (, 
-. Q04>'< 7f, 
- • (I , I 4 ~\ /J 7 
-.f1ilt,IHI? 
_. f'(\/.)~ '.JQ 
-.0'"'41,1.7 
-.,)II/I/It:; 
-.Iil.iit"~",\ 
- • I' t} I. It A 7 
- • 11 t) 4 l :> :, 
- .Ill)",:'il.·': 
-. n{l~l,11., 
-.nn~/7t .. 
-.'I:)~(/' 1 
:--.,\,"('7x 
;;".11(\'2 0 1-, 
_.nl))llk,·~ 
- • "'11'1111 
-.ilI11 '"7,) 
-. rlll1 Mill 
-.n!l1/.~1 
-. (),'1117t, 
-.{\Il l l/,"«;!\ 
-.IIIl(,rl/..,1-. 
-."IJI)·n l 
_.'If\!)tl~? 
-. n'l\.1 l?' .. 
-. qll{) ()1£.. 
-.OI\Oql)(· 
fI. '1 0o ll l[; 
!j. ill\l.ln').~'. 
11. 110 (0 1)7 
f).d"(l14~) 
I). t.1 n I\? () j., 
il.IIO(I)I.,\~, 
lI. nO O;h)? 
n.I\lI(\~?? 
!) • 11 (\ () ~ I. ,~~ 
".,11l1I~1Q 
11.1)01'"'77 
1).1\1)(1?/7 
I1 • :.' (I f) 1 'I L;. 
fI.(Hi!)1<'" 
() .11(11)1/.('1 
o .' 01 (i L. ~~ t) -. n n [) ~,'1 l (). n H n (\ 11/ i). i) 1 n ,. J. 1 
.n • (\ 1 f~ 0 I... !J -.;.1 (I f) ~ 1:1 l 11. 1.1 n fll! 111 11. / I' ,',1 L; I1 
-.dQ,\')tl (} 
-. I,fin ),r. (~ 
0./111(111 1 
d.nnO)~? 
!1.{ltltl~1' 
/) • t I fl (I -< I' / I 
n .1I,il)111 
-.~I'I()(\?'\ 
11 • (' () (\ ,) 1 n 
11. ("Qf)')1 n 
n • f i :) q I) 1 (1 
I; ~ (II)1l e" n 
".Onn:"!1(l 
11.1) ')B.)1 fl 
f\ • (I .1 () ') 1 (' 
".ill)I'n1n 
0. fll)f,:)1 n 
f) • fl ;'j n ; \ 1 r. 
11 • {\ 1\ n :) 1 n 
li.qn'.I·)1(. 
1\. "/111:)1 n 
". ()(10"1 (I 
(\ • C 'H,) 1 1\ 
o • Ii 'H' ,) 1 () 
0.1\;)1)"1 (\ 
0./).')1 1 111 n 
1l.1l,)1In1 I, 
(I. f! ')11:1111 
1'1.(\'1":)10 
n. ('·HI ()1 n 
O.f)')"'-,1 11 
11. pon.}1 0 
il.(\')1I)1n 
o • (l ,I fl ,) 1 (I 
I). (11')(\,)1 (' 
fl.(l:II"110 
(). pI\nlj1 fl 
". OLlO:)' (I 
/'). (1'1{1!)1 (' 
"Lc~""-,C",,: ~ 11 li! 7 
,) 1 ,~I\ 
(,1 ,,0 
f) , 1/ 0 
(}' I} 1 
1111,1 ;) 
'iil')'~ 
011/4 
-------- - -_.-----
0' 'J ~ 
f)lV(, 
1)1 'J t 
,11 'I M 
_. ___ , _______ n 1 'J 9 
I) I,H, 
:'".O-' •• _:c:-:-.----:--:-
,. , 
il/.i1 , 
nlol7 
Ot!i!~ 
",~,',I+ 
"!..:}t) 
!I/_, \ I, 
j) t~ I] 7 .. 
I) I,! s~ 
_._ , ___ , ____ , __ 0 ~ u() 
on fI 
,<11'\1 
0) 17 
,) 11 5 
'1/1 /, 
f) t'1 ~ 
i) ) " I) 
i) ~ 1 7 
;'/1 " 
,) ) 1 " 
0") " 
ill/.1 
.) I) ? 
il.J ? 7, 
s,j ~ 1/,1" T p' ~ r, Y ilJ) X (V r , f , 'J ,I • ~ T ) 
" I '1 I; N ~ I " :' V T ( I, I) ) • F ( ',(l ) , \" ( ? (I ) , ,. ~ ( t!.? ) , n r' ( ? ,I ) , T ( ? 7 ) , I' I ( 1. 2) , T T ( ? 2 ) • U \ 
7.1.;l) , n ( 4!) , I. () , 1. (1. ", I, I1 ) , I,' ( /.11 ) , at ( /" f) 
r.tj 11: If H4 T, pT, T f , T r , I1 , t..' ,) t , t.l 11 ¥ , (; !) , ~,J, , . .1'1 ~ , r , I) F , Z " (J , r T , IJ , r. r: , '1 , ~ r: , f'j , q 
fL) i.1 T :::::: ?,k"T 
41 7(1.1) = zr!-1.1)'(~T-II('-1» 
r,') 4) ~ " 7.' r 
nq t.? , = (,"r 
XI = ,-1 
7(I.n = C7(I-1.Q*(XT-IICI-1»+X'*7(I-l,"-1») 
!.!. rllr.J r 1 'Jllf: 
I, ~ C')iIT T ,1If. 
et: ~ il, 
11 = n, 
FF " d. 
,(; = 0, 
Ot! !.4 T = 1,YT 
t c = ,; r + 7 ( , • 1 ) * ,) (1 • r \ 
If =.11 • 7(1'/)"1(1.1) 
f r = F F • 7 ( T • I)." (1 • I ) 
G = c; + 7\1.4)*'IC1.1) 
'il, f')"iTJ'.JtIF 
I, ') 
H1)'= VT(?) 
F(/) = ('I(;\*(VT(~)-YT(1»-A~(1).VT(1\)/(~~.*FP~.Pp •• 4N(1»)+(~TC? 
2)·(YT(4)-VT(7»-~T(1)*VT(?))/(~.'~PK'~,'(1)) 
Il'! !.~ 1=1.'> 
F(.!.!) = ('K(I+1).«(T(/*'+1)-vT(?'-1»-'~(r).(YT(?'-1)-YT(~.T-~) 
? ) ) I ( '," •• " f' 0.' * k Pt' * • ,., ( J ) ) ~ ( "I ( ,~ 1) * ( Y T ( ') * I +;> ) - Y 1 ( ;> * , ) ) - ~ , ( I ) * ( y T ( ? * 
!J)-/T(I*I-?»)/(A.'HP~*~~('» 
F()"-l) = y,(?I) 
H1\) = n(1!) 
~ ( 1 i) = ( , < ( 7 ) * ( I: r • " - 'I T ( 1 1 ) ) - ~ ~ ( ~ ) * ( Y r ( , 1 ) - V T ( ,) ) ) ) I ( ,I A •• " I' ·.H Cl n " ... , ( 
! I> ) ) + ( " , ( ( ) • ( \' • r.' - v r ( , ;> ) ) - r, r (', ) * ( Y T ( 1 I ) - v T ( 1 n ) ) ) I ( " •• R P " * .\, ( ., ) ) 
" ( 1 'n = (/I' (7) * r F RI, • * ,) p." I n I (:,) - ( • , ( '. ) .. (V T ( 1 I ) - r' (' ) - t. v ( 1) * ;'* ( r r .. p - y 
'.T (1") ) I «(" * >. ,,',. n'l ( 'Il) + v 
j~:·TllrJ .• ~ 
I: .! ~ 
, 
en 
CA 
SECTION 7 
EXPERIMENTAL MEASUREMENTS OF VALVE GEAR PERFORMANCE 
7.1 Introduction 
7.1 
A Ford V4 engine was donated by the Ford Motor Company for testing 
valve gear performance. This engine was of particular interest because 
it had been the subject of previous computer simulations by the writer, 
some of whiqh are described earlier in section 3. Although a pushrod 
linkage, the rockers are studmounted, unlike the shaft mounted rockers 
described in the author~ previous experimental investigations (reference 1). 
This system was a poor performer, despite having a stiffer and lighter 
ll.nkage than the standard Ford inline engines of the period. It was 
hoped that experimental measurements of the behaviour of the system at 
high speeds would reveal the precise reasons for this poor performance. 
The engine was obtained complete, but it was decided to drive it 
with an electric motor in order to try and avoid problems with the 
expansion of the components that made it difficult to maintain constant 
tappet clearances in previous experimental work on engines running under 
their own power. This also made it possible to mount lift transducers 
directly on the valve head rather than on the stem or spring retainer. 
This necessitated the removal of the pistons and connecting rods in order 
to allow space in the cylinder for the lift transducers. In fact the 
unavailability of an electric motor to drive the system at the required 
high crank speeds meant that it proved necessary to drive the camshaft 
direct and" dispense with the standard drive system from the crankshaft. 
Oilways were sealed off except to the camshaft system and the standard 
oil pump release valve and filter were retained. The rockers are 
lubricated by a feed from the cam follers through the pushrods which 
are hollow and supply oil through a hole in the recess in the rocker 
which accepts the top of the pushrod. The pushrod is used to locate 
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the rocker over the valve by restraining any sideways movement with a 
locating fork. Thus supplying oil 'to the camshaft and tappets was 
sufficient to lubricate all the parts of the system that were being 
driven. An oil preheater was fitted in the sump so that the correct 
temperature could be attained, but tests later proved that so much heat 
was generated by the system at high speeds that it was possible to exceed 
1000 C after only a few minutes running. An oil pressure gauge and oil 
temperature gauge were fitted .to ensure that the system was working 
correctly and the oil temperature was maintained as close to 750 C as 
possible during tests of the valve gear behaviour. 
A simple framework was built to mount the engine and the driving 
unit which was a 10 HP Ward Leonard variable speed electric motor. The 
gear drive on the front end of the camshaft was removed and a connecting 
coupling was keyed to the camshaft and the output shaft of the electric 
motor. Entry to the camshaft end was obtained by machining a suitable 
hole in the timing cover concentric with the camshaft bearings. With 
this system speeds of up to 3200 rpm cam speed could be attained equivalent 
to an engine speed of 6400 rpm. On engines working under their own 
power this range of speed results in excessive heat build up, particularly 
in the exhaust area and so instrumentation problems are rendered more 
difficult. 
7.2 Instrumentation 
The writer has previous experience of straingauge testing of push-
rods on the Ford 105E engine (reference 1) which had proved an adequate 
and simple method of measuring the vibration characteristics of the 
s~stem. The strain gauges used before were the semi conductor type, 
which have the advantage of very high outputs for small strains and 
hence less sensitivity to ignition interference on a running engine. 
The disadvantages of semi conductors are their high sensitivity to 
temperature variations and high cost, the latter reason prompting a 
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trial of standard foil gauges for this application. In order to prevent 
rotation of the pushrod which would break the leads to the gauges, a 
small strip of brass was soldered to the push rod in the area of the 
·restraining fork. Tests on foil gauges, even high resistance types 
proved unsuccessful because of the high amplification required to obtain 
any reasonable signal level on the oscilloscope screen so a set of 
360 n semi conductor pnp type gauges were purchased and a single gauge 
was fixed to the pushrod as illustrated in figure 7.1. A coating was 
applied to ensure that the gauge and lead connections would be protected 
from oil contamination. 
Attempts were also made· to measure the strains in the rocker, and 
a picture of one of them is also in figure 7.1. Other gauges were fixed 
to the flanges of the rocker, but due to the rather limited space 
available, could not be moved to a high enough stress area to provide 
any kind of meaningful signal in bending. The fixing of gauges to 
measure shear forces would not be expected to provide a good signal level 
either and there was no room to mount the semiconductor gauges in thQ 
o 45 pattern required so this method of measurement was not pursued· 
further. 
One of the problems that was apparent in previous experience of 
measurement of valve system dynamic behaviour was that there was no 
precise method of measuring the time that the valve actually hit the 
seat, and no reliable method of estimating the level of the spring 
vibration. By measuring the strain of the valve stem with a strain 
gauge it was hoped to add these items to the information gained. While 
the valve is seated the stem undergoes a tensile force equal to the 
static spring load as the valve is lifted from the seat it drops to zero 
until the seat is contacted again. In fact measurements of the response 
showed that the mass of the valve head enabled this gauge to act as a 
qui te reasonable accelerometer during the valve lift period but sufficient 
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information should be available from the pushrod load under normal 
circumstances to render this superfluous .. During the seated period the 
spring load fluctuates if there is any surge resulting from the seating 
event or the lift cycle and this may be directly measured in comparison 
with the static load from the valve stem gauge signal. Again in this 
case rotation of the valve would result in a break in the signal leads 
so the valve was restrained by using the lift transducer core to act as 
an off centre guide on the valve head. The strain gauged valve is shown 
in figure 7.1 and in the enlargement in figure 7.2 the tapped hole for 
mounting the transducer guide can be seen just inside the valve rim. 
The transducer for measuring lift of the valve was designed for a 
tuned 2 M Hz oscillator circuit manufactured by Southern Instruments on 
precisely the same principles of the shortened turn inductance coil used 
previously (reference 1). This was based on an original suggestion by 
lIempson (reference 49) and is' a fafrly standard instrumentation technique. 
A coil was wound on a tufno1 former as in th~ previous case, though 
because of the higher valve lift the active· length was extended slightly. 
A plate to mount the transducers on was support~d on studs screwed into 
, , . 
the cylinder head, and sufficient clearance was allowed for complete 
operation of the valves. The core was made of brass and screwed into 
the valve head and 'loctited' in position. A small clearance hole 
in the transducer mounting plate allowed the core to pass through and 
acted as a guide to prevent rotation of the valve. 
A standard timing marker disc with a marker every two degrees was 
purchased and this was mounted on the camshaft drive. An inductive 
pickup provided the signal output to the oscilloscope directly. 
Initial tests were performed using a storage oscilloscope to record 
the signal, but the quality of the traces and the necessity for a more 
permanent record caused a switch first to a polaroid camera and then to 
a 35 mm camera taking pictures directly from the screen. A four beam 
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facility was av<i.'latle and no extra amplification was required other than 
that available from the oscilloscopes own internal amplifiers. Output 
from the two strain gauges with three dummy gauges each to complete the 
bridge was sufficient to provide a good signal at .02V per division for 
the pushrod and .05 volts per division for the valve stem, each powered 
by a 6 volt dry battery. The Southern Instruments package with the lift 
transducer, provided approximately five volts output for full lift. Most 
lift recordings were set to .2 volts per division to obtain a good 
picture of valve bounce amplitude.s. The timebase was invariably set to \ 
either 5 m sec/division for low speed or 2 m sec/division for high speed 
recordings. 
7.3 Experimental Results 
Ini tial tests on the system were made using just the gauged pushrod 
and the lift transducer. The camshaft used was standard thro11ghout, but 
variations were tried in the valve spring .design and in various. other 
parameters as indicated later. The recordings presented here apply to 
the· inlet valve only. 
The first result reproduced in record 1 is the lift, pushrod strain 
and timing marker signal at a camshaft speed of 500 rpm and a clearance 
of .05 mm measured at the valve side. The valve lift is a nice smooth 
curve with the closing ramp clearly visible but the pushrod strain was 
totally unlike anything the writer has experienced before with the very 
sharp drop in the load at the maximum lift point. (Timescale is 
measured left to right.) The drop in load produces a small persistant 
vibration which is apparently lightly damped. In fact a check on the 
frequency of the vibration revealed that the frequency was well above 
the natural frequency of the spring coils at approximately 850 IIz. 
Timescale on this trace was 10 m sec/division and the 'D' type spring 
was fitted, which had a natural frequency of 550 IIz as determined by 
tuning into resonance when the whole spring was subjected to a sinusoidal 
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displacement when clamped to its fitted length. 
Record 2 indicates the response of the same system at a camspeed 
of 1000 rpm and the same characteristic features are noticeable with an 
increase in the magnitude of the vibration. amplitudes. In both these 
traces the load on the opening side is higher than on the closing side of 
the event. Record 3 shows the same system at 2000 rpm cam speed and the 
sudden drop in the load at the ~entre is now obscured by the higher 
vibrations in the system and the increasing predominance of the flank 
acceleration. It is again noticeable that on the opening side the peaks 
are at a higher level than closing. The peaks and troughs in linkage 
load Can be clearly related to the vari.ations in lift at various points 
in the response. Record 4 shows the same system at the same cam speed 
of 2000 rpm but with the clearance increased to .32 mm measured at the 
valve side. Valve lift amplification has been increased by a factor of 
five to reproduce the seating of the valve in greater detail. .On this 
scale of .36 mm/division the bounces are insignificant and the linkage 
load does not drop to zero until the valve has undergone two vibration· 
due ·to the linkage frequency rather than valve bounce off the seat. 
Attention is drawn to the size of the flank acceleration loading on the 
opening side which is almost twice the magnitude of the correspondIng 
peak on the closing side. An unusual 'smothering' of the vibration is 
apparent immediately after the drop in the load at· the maximum lift 
point. 
Record·5 shows the same system at a cam speed of 2250 rpm and the 
opening flank acceleration has reached such large proportions that it 
has exceeded the field of view of the camera. The scale of the linkage 
load readings for this set of tests was 220 Newtons per division. 
Record 6 at 2500 rpm shows the same general features but the closing 
flank peak has decreased somewhat due to the effects of previous vibrations 
in tIle system. The last record in this set number 7, shows the response 
• 
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of the system on a reduced scale at 2750 rpm. The opening flank peak is 
almost twice the magnitude of the closing flank and the vibration during 
the nose period is of very indeterminate form. 
The main features of this set of results are the unusual one-sided 
nature of the traces, the apparent absence of any separation of the 
linkage at any speed. At lower speeds the drop in the load at the 
maximum lift point is the main feature. 
The free vibration records numbers 8 and 9, provided a means of 
measuring the natural frequencies of the system and these were obtained 
by subjecting the ·system to a sudden change of force by removing a wedge 
from between the rocker and valve stem .while the valve was lifted.· The 
results from this technique are often variable but enough trials 
eventually result in good impressions of the linkage vibration as in 
record 8 and the spring vibration as in record 9. These traces, obtained 
by photographing a stored record on the oscilloscope screen yield figures 
of 850 Hz and 550 Hz for the two natural frequencies of linkage and spring 
respectively. The linkage trace was lightly damped and contained elements 
of the spring vibration in addition to the main term. Averaging the 
decrements of this vibration produced a value of .053 for the damping 
factor, rather lower than experienced on previous sytems, and lower than 
that assumed in preliminary theoretical investigations of the response 
of this particular engine as indicated in section 3; 
Because of the unusual traces of pushrod load that were obtained 
from this engine it was decided to investigate the cause, which at that 
time was thought to be the effects of coulomb friction on the rocker 
mounting. The first attempt to test this theory was to run the engine 
at a certain speed, take a recording of the linkage load variation, and 
then add an excess of oil and repeat the process. No consistent 
difference in response could be detected. A further trial consisted of 
polishing the rocker and stud bearing surfaces and then lapping together 
7.8 
with grinding paste until,a very smooth finish was obtained. Again tests 
showed that no detectable improvement had been achieved. Application of 
P.T.F.E. to the rocker surface also failed to change the response. 
The gauged pushrod was also moved to other valves in the engine to 
eliminate the possibility that the lift transducer core was binding or 
that the effect was due to a torsional oscillation. Tests were carried 
out on the system with only one valve in operation, or two or four or all 
eight but this again failed to result in any change in the response. 
The stud mounting the rocker support bearing was stiffened by supporting 
the top end, and by this means it was hoped to obtain a reduction in the 
effects of stud bending. No significant difference in response was 
observed. Discussions.with the Engine Engineering Department of Fords 
revealed that they had not detected any similar effects in their testing 
of this engine, so it was felt that it was possibly backlash in the 
drive that was causing the problem.· The drive Was checked for .backlash 
and only the slightest amount was detected, certainly less than 
encountered in the normal drive system. If record number 1 is examined 
it is clear that a load drop of the magnitude measured would have to be 
of the order of at least one quarter of the total lift of the cam or 
o 
approximately 15 of backlash in the drive to cause the effects observed. 
Later tests. with the model simulation of this system confirmed that the 
only way of reproducing the system response at high and low speeds was 
to use a load proportional coulomb friction term and that backlash in 
the drive made only very minor alteration in the response. The effects 
of a constant magnitude coulomb friction term were insufficient to 
account for the marked difference in the opening and closing flank 
acceleration peaks at high speeds. 
This type of load proportional friction term had been specified by 
Barkan (reference 30) for his work on simulations of valve gear behaviour. 
The records he obtained of strains in the rocker arm do not however reveal 
any kind of systematic variation between the opening and closing events. 
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This is possibly partially the result of the positioning of the gauges 
in the arm. If these were mounted on the valve side the effects of 
friction in the rocker support bearings would be unnoticed, since the 
force is only applied on the cam side of the rocker. The lack of any 
success in attempts to reduce this term must lead to the conclusion 
that it is an essenti~l feature of the response of this particular kind 
of rocker mounting. The approximate value of the friction coefficient 
may be calculated by the following relationship. 
N = 
L p 
L p 
(7.1) 
where N is the coefficient of friction, Lp the peak load and LB the load 
at the base of the drop. This gives a value of .2 for the coefficient. 
With such a large coefficient it is clear that the free vibration 
records could not be subject to the effects of this term at the relatively 
small amplitudes of motion involved, and this is confirmed by the low 
coefficient of damping observed for the free vibration of the linkage. 
This also raises the question of whether the natural frequency calculated 
from this vibration is a correct frequency when the system is in motion 
or whether the equivalent mass drops as the rocker is free to move. 
Indications from the low speed traces are that the measured frequency 
still holds and at higher speeds of operation it does not appear to 
increase as would be expected if the part of the equivalent mass due to 
the rocker support deflections became uncoupled from the vibration system. 
With the measured values of stiffness for the system of 10 x 106 Newtons 
per metre measured on the cam side the.equivalent mass of the valve parts 
requires to be raised to .35 kg to obtain the correct linkage frequency. 
The indications are that at least a tenth of this is due to rocker mount 
contributions. 
The last feature of the traces that evokes some comment is the 
apparent lack of any separation of the linkage as the speed is increased. 
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This would normally be indicated by the linkage load dropping to zero 
during the nose period. This is perhaps explained by the effects of the 
relatively heavy tappet in this engine and aiso the lower rocker ratio. 
The tappet inertia is proportional to the mass and this was .1 kg in 
this case so is a significant portion of the equivalent valve mass. 
This is obviously a rad feature of the design due to the waste of spring 
load and record 7 indicates that separation has occurred at 2750 rpm 
since the normal vibration peaks are not in evidence, even though the 
linkage load has not dropped to zero. The system at this point has 
become virtually the equivalent of the tappet, linkage and valve masses 
vibrating on the valve spring stiffness at a relatively low frequency. 
The remaining results presented here now contain the recordings of· 
valve stem strain in addition to the linkage and lift records. They 
fall into four main categories, those investigating performance with the 
standard 'D' spring already quoted, a group using a 'B' valve spring 
which had a lower natural frequency and fitted load but was slightly 
stiffer. There were also two variations using the 'B' spring, one with 
a spring damper which was constructed to damp out vibrations of the 
coils between valve lift cycles, and the other with an additional inner 
spring designed to increase the static load and stiffness by approximately 
ten percent. The coil surge damper was constructed of a solid block of 
P.T.F.E. which was machined to be a very slight interference fit on the 
inside of the centre coils of the spring at the valve closed length. 
The slight increase in the diameter of the coils as the valve was lifted 
decreased the pressure on the damper and thus leadsto a reduction in 
the damping effect. This is the opposite of the normal spring damper 
principles and by this means it was hoped to investigate the difference 
between the initiation of valve lift with and without existing spring 
surge in a practical manner. 
Record number 10 is the result of the standard 'D' spring arrangement 
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with a clearance of .23 mm at 1000 rpm camshaft speed. Comparison with 
the same system ata smaller clearance in record 2 shows that the opening 
vibrations are much more noticeable and the valve stem strain shows a 
straightforward release of load with a few oscillations resulting from 
the induced vibration in the linkage. Record 11 shows the results 
obtained with the 'B' spring at the same speed and a clearance of .37 mm. 
Although this clearance is less than the ramp height there is considerable 
interference between the take up of the spring load and the opening 
acceleration of the valve. A reduction in clearance to .1 mm leads to 
the disappearance ·of the large linkage vibration and the coil surge 
amplitudes while the valve is seated. .Record 13 with the damper in 
position at the Bame clearance and speed appears to indicate a slight 
more rounded response of the valve stem load as the ramp is contacted on 
the closing side. The only possible cause of this tensile load is some 
kind of interference between the lift transducer core and the mounting 
plate guide. Record 14 shows the same speed and .37 mm clearance with 
the inner spring in place. The increased linkage load and vibration are 
clearly seen with only a slight hint of an oscillation during the seated 
period. Comparison with record 11 shows that vibration amplitudes are 
reduced by the extra spring. 
Record 15 is at 2000 rpm with the standard 'D' spring and a clearance 
of .23 mm. There is an apparent linkage bounce at the end of the event 
which causes large variations in strain in the valve train as the valve 
seats •. Comparison with records 3 and 4 show that there are many common 
features in the response despite the differences in clearance, and small 
valve bounces are obviously occurring at the .32 mm and .23 mm clearance 
conditions. Records 16 and 17 show the 'B' spring response at the same 
speed and clearances of .37 mm and .1 mm respectively. Coil surge 
amplitudes are approximately the Same in all three cases and the best 
valve seating event, giving the least amplitude of bounce appears to be 
I 
the small clearance 'B' spring condition. ·An improved valve seating 
performance is indicated in records 18 and 19 for the 'B' spring plus 
damper at .1 mm and the extra spring at .37 mm clearance. 
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Record 20 is at the increased cam speed of 2500 rpm and a clearance 
of .23 mm with the 'D' spring. This indicates approximately the same 
performance as recorrt 6 with the same system at larger clearance. 
Replacement with the 'B' spring at .37 mm shows a sustained double 
bounce which is eliminated almost entirely at the smaller clearance of 
.1 mm as shown by records 21 and 22. Additlon(of the damper results 
in a further improvement in performance as sh~wn by record 23. The 
clarity of this trace is an indication .of the effectiveness of the control 
over the vibration of the spring but similar large gains in performance. 
are achieved by the double spring responSe in record 24 at .37.mm 
clearance. 
Record 25 is for the 'D' spring at 2750 rpm and .23 mm clearance. 
Fairly large amplitudes of coil surge are present and this speed 
corresponds to the 12th harmonic of spring vibration but no valve bounce 
is evident. The apparent persistence of the linkage vibration contrasts 
with the same system and speed at a slightly greater clearance depicted 
in record 7. The 'B' spring at this speed shows considerable valve bounce 
amplitudes for the .37 and .1 mm clearance cases as depicted in records 
26 and 27. The effect of the damper on this system at .1 mm clearance 
and .23 clearance is depicted in records 28 and 29. Record 30 with the 
double spring at the same speed and a clearance of .37 mm indicates a 
less noticeable improvement. 
At 3000 rpm and .23 mm clearance there is a slight valve bounce at 
the seating with the 'D' spring, as shown in record 31. For the 'B' 
spring the performance is considerably worse at· .37 mm and slightly better 
at .1 mm clearance as shown in records 32 and 33. The damper does not 
result in a significant improvement at this speed with .1 mm clearance 
7.13 
as record 34 indicates, and increasing the clearance to .23 mm does not 
appear to affect the bounce that occurs on contact with the ramp as 
shown in record 35. Record 36 with the inner spring and .37 mm clearance 
shows a remarkably good seating performance at this speed. 
Record 37 at 3200 for the 'D' spring, shows a reasonable control of 
the valve bounce amplitudes and the corresponding result for the 'B' 
spring plus damper shows a large amplitude bounce developing which could 
not be controlled by changing the clearance. Record 39 shows the 
standard 'B' spring response at this speed with .1 mm clearance and 
record 40 the much larger bounce generated at .37 mm clearance. 
7.4 Conclusions 
These results indicate that the inadequate performance of the 'B' 
spring may be improved by the use of a damper which eliminates surge 
although at the highest speeds there is a limit to the effect this can 
exert. The increase in loading and rate afforded by the inner spring 
also results in improvements through the speed range under what would 
normally be inadequate ramp conditions. The increased natural frequency 
of the 'D' spring does not appear to prevent the existence of surge 
amplitudes comparable in magnitude with those observed with the 'B' spring. 
In the speed ranges up to 2750 rpm the performance of the system 
appears to be very dependent on clearance settings, particularly in 
, . 
regard to the vibration peak phasing, but above these speeds the linkage 
is clearly separating and causing unusual vibration traces. The conditions 
at closing in the higher speed range are relatively unaffected by the 
phasing of vibrations in the opening part of the cycle, since the 
vibration in the closing period is dominated by th'e effects of the load 
proportional friction term. The flank acceleration peak on opening is 
larger t'han at closing in the linkage load diagrams throughout the speed 
range reaching an approximate maximum ratio', of 2 : 1. The magnitude 
of these peaks may be calculated using the calibration settings for the 
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records 10' to 40 of 320 Newtons/division for linkage load and .46 mm/division 
for the lift transducer. 'In some cases however the load calibration has 
been reduced to 640 Newtons/division to allow the complete trace, to be 
within 'the field of view of the camera. 
The problems involved in analysing the traces suggests that it would 
be desirable to be able to measure the instant that separation of the 
cam and follower occurred but there are considerable difficulties in 
obtaining this information from the engine without major alterations to 
the'cam and tappet configuration. It is therefore impossible to tell 
whether the lack of vibration in the system is due to separation or to 
the introduction of the coulomb friction into the vibrating component of 
the response, and it is possible that these two factors are working to-
gether. At the higher speeds where these phenomena would occur, the 
quality of the traces is not sufficiently good to relate any possible 
frequency or damping change to the transition from one type of response 
to the other. 
The recordings from the valve stem gauges showed that this was a 
reasonable method of estimating the magnitude of· spring load fluctuations 
at lower ,speeds but that valve head vibrations could cause an obscuring 
of the traces near the seating event. Alternative methods are available 
to measure coil surge amplitudes and the writer has experience with the 
attachment of gauges to the valve spring wire as illustrated in figure 7.3. 
The quality of the results from this kind of measurement device is 
however no better than from the valve ste~ recordings and the life of the 
gauge is comparatively short. 
The use of a strain gauged pushrod to measure the changes in linkage 
loading illustrates particularly well the effects of coulomb type friction 
at the rocker support pivot, and the lower speed recordings enable a 
fairly accurate assessment to be made of the friction coeffiction. The 
lack of success in altering this coefficient by polishing and lubrication 
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indicate that very high point loadings are occurring on the bearing 
surfaces. 
As previous theoretical studies have indicated, the removal of the 
friction in the rocker would not lead to less possibility of separation 
during the cycle and the principal course of the inadequate performance 
of this system is the combination of a poor cam design coupled with the 
effects of the friction and excessive cam follower mass. The valve 
bounce at closing appears to be restrained mainly by providing a higher 
static spring load, but this results in a noisier performance throughout 
the speed range. 
A summary of the recordings of the performance of the system appears 
in table 7.1. 
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TABLE 7.1 
PHOTOGRAPHIC.RECORDS 
No. Ref. Speed rpm Clearance Spring Variations 
1 2/30 500 .05 D 
2 2/21 1000 .05 D 
3 2/33 2000 .05 D 
4 2/12 2000 .32 D 
5 2/13 2250 .32 D 
6 2/14 2500 .32 D ~ 
7 2/7 2750 .32 D 
8 3/19 Free Vibration D 
9 3/25 Free Vibration D 
10 17/3 1000 .23 D 
11 18/31 1000 .37 B 
12 1/11 1000 .1 B 
• 
13 26/16 1000 .1 B Damper 
14 28/14 1000 .37 B Double 
15 17/12 2000 .23 D 
16 18/16 2000 .37 B 
17 1/19 2000 .1 B 
18 26/18 2000 .1 B Damper 
19 28/15 '2000 .37 B Double 
20 17/13 2500 .23 D 
21 18/24 2500 .37 B 
22 1/22 2500 .1 B 
23 26/19 2500 .1 B Damper 
24 28/17 2500 .37 B Double 
25 17/14 2750 .23 D 
26 18/26 2750 .37 B 
cont'd 
Ref. Speed rpm Clearance Spring Variations 
27 1/21 2750 .1 B 
28 26/20 2750 .1 B Damper 
29 26/12 2750 .23 B Damper 
30 38/18 2750 .37 B Double 
31 17/15 3000 .23 D 
32 18/29 3000 .37 B 
33 1/23 3000 .1 B 
34 26/21 3000 .1 B Damper 
35 26/13 3000 .23 B Damper 
36 28/19 3000 .1 B Double 
37 17/18 3200 .23 D 
38 26/15 3200 .23 B Damper 
39 1/25 3200 .1 B 
40 18/30 3200 .37 B 
Displacement traoEs denoted by, triangul'ar symbol
'
• 
Pushrod road traces denoted by c:i'l''Cular symbol. 
Valve stem loads denoted by sqUarE symbol. 
Camshaft angle marked at two, degrEe i:ntervals. 
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SECTION 8 
SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
8.1 Summary of the main features of this investigation 
This project has attempted to cover the main aspect~ of the design 
and behaviour of high speed cam driven spring loaded systems from the 
viewpoint of their vibrational characteristics. The historical section 
places the main previous developments in the analysis and design of such 
systems into the framework which provides a base for the analytical 
design and practical measurement techniques discussed he·re. 
The methods used to assess the validity of the single degree of 
freedom lumped mass model to represent the dynamic characteristics of a 
distributed mass system appear to be the first that provide some indication 
of the effects of discontinuities in the input function and the first 
derivative for valve linkage systems. The effect of discontinuities in 
the higher derivatives is not assessed due to the resulting complication 
in the analytical solution of the distributed parameter model, but the 
trend of the errors in the first two cases considered is a decreasing 
one. The effects of these higher derivatives and frequencies will also 
be decreased by the damping present in the system, so that assumptions 
of continuity of the function in the displacement and the first two 
derivatives should prove to:·be sufficient for adequate agreement with 
the model and real system. Since linearity of the system is assumed it 
is possible to use the principle of superposition to define the effects 
of some commonly specified types of input functions in their transient 
response characteristics. This leads to the proposition that the 
continuity of individual components in the input function should be 
maintained to obtain good agreement between the single mass model and 
real system response. 
The effect of the inertia of the coils of the restraining spring is 
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assessed in a very simplified manner to. show the importance of including 
this term to obtain a realistic measure of the dynamic behaviour of the 
restraining force. 
The conclusions of these analytical exercises lead to the reduction 
of the complexity of the linkage system simulations previously used by 
the writer (references 1 and 2) and comparative testing of the two models 
leads to the conclusion that the differences in response are negligible 
except for certain specialised problems, where the inertia of components 
in the linkage is extremely large. The simplification in the model 
eliminates errors that could develop through the wrong c·hoice of mass 
and elasticity distribution. For relatively stiff systems the problem of 
defining the values of the higher natural frequencies that are present 
in the real system is a difficult one and is. not easy to estimate if major 
contributions to the flexibility of the system result from the linkage 
supports. The effect of the initial and final ramp input to the system 
with conventional cam designs will not be reproduced exactly in the 
simpler model but a reasonable measure of agreement with experimental 
results is obtained that is sufficient to sugges.t. that the model system 
may be used to indicate the. performance characteristics of alternative 
cam designs and the effects of changes to the system. 
Because of the non-linearities involved in the relatively high rate 
of application and reduction of the spring load as the mechanism is lifted 
from and returned to its static condition the principle of superposition 
cannot be applied to the harmonics of the input function to obtain an 
estimate of the steady state vibration of the system over a number of 
cycles of operation. The step by step method of integration assumes a 
stationary state of the system components before lift commences, but in 
fact the valve spring remains in motion over the whole cycle. The effects 
of·this inaccuracy are investigated using the model system and later 
practically with the use of a spring surge damper. The effects are 
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noticeable but relatively small and the single cycle analysis'of response 
appears to be su~ficient to indicate the major response of the system· 
with a margin to allow for the spring load variations. 
The response of the model system to measured values of cam input 
displacement is compared with the designed cam input and found to be 
in close agreement. The effect of 'smoothing' the measured values is 
shown to produce greatly. reduced vibration amplitudes. 
Some studies of the Ford V4 valve gear are presented with particular 
emphasis on valve bounce characteristics. The effects of changes to the 
system follow the trends observed practically and even though later studies 
showed that the model parameters were in some cases in error the main 
features of the response were as predicted. With the advantage of 
practical test results to produce a model for the system the agreement 
is. markedly improved and even though one of the parameters missing is a 
coulomb friction term which theoretically invalidates the single degree 
of freedom linkage model the main effects of this term are reproduced. 
The effects of variations in some of these parameters, particularly 
damping coefficients are investigated. 
The next section deals with the specification of polynomial functions 
for cam profiles and examines the advantages of a numerical technique 
suggested by Johnson (reference 38) for dwell rise dwell motions which 
is adapted here for dwell rise return motions. The effect of manipulating 
the boundary conditions is demonstrated and use is made of intermediate 
controls to provide the most desirable form of acceleration function to 
match the system requirements, particularly those of spring load margin, 
during the negative acceleration period. It is suggested that there may 
be some benefit in the use Of relatively low powers in the specification 
of polynomial functions for cam designs and the type of controls used 
to define the profile can be specified with less boundary conditions by 
more conventional methods of solving the simultaneous equations for the 
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coefficients. Thi .. ·leads to lower orders of polynomial if the higher 
derivatives require controls but th,e lower ones do not. Two alternative 
polynomial designs are tested for dynamic characteristics using the model 
system of the Ford valve gear and show reduced vibration in comparison 
with the standard profile. 
The availability of alternative methods of producing input motions 
leads to new specif:lc ations of the polynomial functions for poly dyne type 
cam designs. The common and contrasting features of polynomial and 
poly dyne cams are investigated in some detail. The reasons for the 
apparent harshness of polydyne profiles are examined and' appropriate 
design speeds are suggested to limit the range of relatively inferior 
performance to negligible levels in the normal running range of the 
engine. It is suggested that a measure of the likely vibration 
characteristics of a function is provided by examining the fourth 
derivative of that function rather than the acceleration. This also 
relates to the divergence of the polydyne cam acceleration curve from 
the acceleration of the polynomial used to form the design, and minimis-
ation of the fourth derivative should lead to minimum vibration charact-
eristics. It is demonstrated that there is a range of speeds where 
polydyne cam designs reduce the spring surge amplitudes due to the force 
input of the higher derivative terms of the desired motion. Some 
polydyne cams are designed and compared using the numerical polynomial 
technique and analysis of the dynamic response of the model system to 
the best of these designs indicates that the vibration amplitudes are 
reduced over a range of speeds by this technique. 
The effects of improvements to the single degree of freedom undamped 
model used in the polydyne technique are considered and it is suggested 
that the inclusion of the relative velocity damping in the system would 
provide benefits in reducing· the level of some of the unfavourable 
characteristics of these designs. The method of including this term in 
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the analysis is demonstrated and solutions are presented to show the " 
differences in the acceleration characteristics of the polydyne and damped 
polydyne designs. Results of using the"se designs as the input to the 
dynamic performance program indicates that there are small but clearly 
defined benefits from this modification particularly in the lower speed 
ranges. 
Further improvements in the model were sought with the inclusion of 
the spring simulation in the design technique. Results from this were 
less satisfactory and gave generally worse performance than the correspond-
ing damped polydyne design. It is possible that this lack of improvement 
may be due to the greater sensitivity of this method of synthesis to the 
inadequacies of the chosen polynomial function. 
Lastly experimental techniques and results are described on a cam 
system. The effects of changes to the running speed clearance, and 
spring characteristics are demonstrated. The main features of the 
linkage system are examined, particularly the damping characteristics 
and the effect on the motion at high and low speeds. The effects of 
spring surge are assessed at different speeds and" elimination of the 
surge is shown to have a small but noticeable effect on the motion and 
valve seating through the range. The stud mounted rocker configuration 
is shown to have definitely unfavourable characteristics in this 
application. 
8.2 Conclusions and suggestions for further work 
The many aspects of the dynamic behaviour and design of the cam 
driven spring loaded systems examined here, have not allowed a completely 
exhaustive analysis of all the possiblities raised by each of the topics 
discussed in this presentation. Thus while it is considered that the 
establishment of the degree of validity of the single lumped mass model 
fol' linkage vibrations is a significant "and worthwhile result, this 
does raise the question of how much further the model requires to be 
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developed to meet conditions that do not match with the guidelines given. 
While it is easy to draw pictures of large numbers of masses and springs 
to make the .simulation of the system look accurate, the justification 
of the 'values chosen is often haphazard and lacks confirmatory experimental 
evidence for anything more than the fundamental.mode of vibration. The 
writer's previous efforts to simulate the distribution of mass in the 
linkage system were designed to model the inertial characteristics to 
predict the separation speed of the system and not the higher frequency 
response. Agreement of the single mass system for the linkage and valve 
mass together with the lumped mass spring model is rather better if 
compared with experimental results than would be expected from the 
strict considerations of section 3. There is reason therefore to believe 
that the damping in the system may modify the results obtained by the 
simple undamped distributed parameter analysis. This would seem to be a 
valuable avenue to explore for future work. Another area that merits 
consideration is to extend the analysis beyond the effects of step, r~mp 
and sinewave inputs to cover the response to discontinuities in the 
higher derivatives, particularly the acceleration' step input. Within 
the limitations set however,the convenience of a simple model is a 
valuable feature in that it allows a straightforward substitution of 
mass values and spring and damping coefficients into the model from the 
results of very easily performed tests on the system response. The 
results given demonstrate that even if the model is lacking in exact 
accuracy for some parameters, the results of comparative tests on cam 
profiles do give the correct order of merit of each design. This means 
that models of this kind may be used to select the best cam profile from 
a number of alternatives at the design stage. Further work to relate 
the kind of stiffness and mass distribution effects resulting from the 
main types of cam linkage configurations would prove a helpful guide to 
the designer, to avoid subsequent problems in the development stage. 
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The treatment of polynomial functions for cam and valve motion 
dESi gns has been directed along one main path. The alternative approaches 
of power specification and coefficient solution have been left for the 
future. The historical reasons for relying on this numerical method 
to define the polynomial are connected with the original intention to 
produce multi mass simulations of the linkage, which later were proved 
to be unnecessary .. The order of the polynomial needs to be increased 
markedly for extra degrees of freedom in the simulation and more higher 
derivatives of the desired motion function require to be equated to 
zero at the start and the end of the motion to avoid discontinuities 
in the final cam profile. The numerical technique appears to offer 
advantages in accuracy at the start and end points of the motion which 
would suit this type of simulation but it is doubted that the accuracy 
at the intermediate points in the motion is better than with conventional 
methods of specifying the function and calculating the value at each 
point. As already pointed out in the summary, there is a wider choice 
of functions available that lead to less restrictions on the motion if 
the numerical method is not used. The establishment of the value of this 
freedom of choice would be another useful line of enquiry. The use of a 
realistic design and solution of the theoretical response characteristics· 
does however validate the methods used in this investigation and leaves 
room for further improvements to be made. 
Further assessments of the general characteristics of polynomial 
cams are produced when they are treated jointly in the investigations of 
polydyne design techniques. The suggested use of the fourth derivative 
of the motion as an indicator of vibration characteristics has not been 
tested. This is mainly due to the doubts about the accuracy of the 
calculation of these higher derivatives and the effects of such minimisation 
procedures on the other parameters of the design such as the area factor. 
The number of trials necessary to obtain a smooth acceleration curve for 
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the function illustrates the degree of difficulty that is encountered in 
obtaining one satisfactory solution for a given set of parameters using 
the numerical technique. Investigations of other methods of defining 
the motion could also include a comparative study of the influence of 
the minimisation of the square of the acceleration and fourth derivative 
integrals on the subsequent vibration characteristics of the system. 
It should be noted,at this point that the cam designs specified and 
tested in this text are all of comparable or greater breathing capacity 
than the standard cam, so that the improvements in the response that 
are actually achieved are greater than indicated by a straightforward 
comparison of the separation speed and valve bounce amplitude of the 
resulting profile. 
The comparison of the polynomial and polydyne response has lead to 
an analysis of the reasons for 'harshness' in'the polydyne cam performance, 
and the conclusion is drawn that this is due to the increasing lack of 
control of the valve mass near the seating event due to the 'compensation' 
of the polydyne profile. The method of avoiding this problem by 
specifying unusually low design speeds is a departure from the general 
approach of specifying the design speed to overcome problems at the top 
end of the speed range. Since most applications of cam systems spend the 
major part of their working life in the lower speed ranges this would 
seem to be the most beneficial solution, providing the design has over-
speed capacity. Figures of 110% maximum overspeed are often quoted for 
polydyne designs, but it is shown that considerably higher values are 
possible with reasonable control of the system response. ,The analysis 
of the effects of the polydyne cam on spring surge are also an indication 
of the value of the method if problems are encountered in this area, and 
a greater life of these, components should be possible. The technique 
of matching the acceleration curve to the spring characteristics to allow 
a good spring load margin immediately after the opening flank period 
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may also be a contributory factor to the overspeed capacity shown by the· 
specified designs. The remarks made above about the scope for further 
. 
investigations of alternative solutions for the desired motion functions 
will of course apply equally to the polydyne and damped polydyne design 
techniques. 
Although the damping factors spe,cified for valve gear systems are 
low it is shown that advantages can be gained by including them in the 
analysis. The results of including the valve spring simulation are not 
so encouraging, but neither of these designs have been developed as far 
as.originally intended, due to problems with the accuracy of the solutions 
at low design speeds. The computing time increases greatly as the order 
of the polynomial function is increased and the design speed is reduced'., 
In order to squeeze the designs into a complete run of ten minutes on 
the Lanchester Polytechnic computer it was necessary to specify lower 
accuracy requirements of the integration routines so that less integration 
steps would be required. There is therefore a considerable scope for 
improving the designs particularly at the ends of the motion where the 
effects of the errors have the greatest influence on the transient response 
and the valve bounce amplitudes. The multi degree of freedom model is 
more susceptible to the accuracy terms and is also greatly affected by 
incorrect specification of the starting conditions for the motion. It has 
already been pointed out that there are alternative methods of specifying 
the initial conditions to obtain compatible displacement and velocity 
values for the damped and multi polydyne designs and there is scope for 
further investigation of these ideas. 
The experimental investigations of the behaviour of the valve gear 
system in the Ford V4 engine demonstrate methods of obtaining values of 
the parameters to determine the· form of a model to simulate the dynamic 
characteristics. The estimation of the friction coefficient and the 
examination of the effects of spring surge on the behaviour of the valve 
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train are made easier by the instrumentation techniques adopted. The 
conculsion that the system is worse than might be expected from a cursory 
examination of the design matches the experience of the company with this 
engine. The consideration of practical test results leads to the question 
of the practical value of the designs suggested and it must be admitted 
that the original intention was to obtain information of the experimental 
response of such designs. Problems that were created by the unusual 
features of the 'experimental recordings lead to the conclusion that a 
more satisfactory approach would be to design the cams for a more 
conventional linkage system using a model that had alrea'dy proved 
satisfactory. Subsequent analysis showed that the choice Was a correct 
one for as it is pointed out in section 6, the inclusion of coulomb 
friction terms in the analysis leads to a displacement step in the polydyne 
profile and the single degree of freedom model is invalidated. The quality 
of the information that would be available from the subsequent experimental 
recordings would probably also be inadequate to evaluate any improvement 
in performance. 
The last point that will receive consideration is perhaps the most 
important, and that is the effects of errors in the grinding of the' cam 
profiles, particularly in the ability of the manufacturing machinery to 
follow the prescribed dips and peaks in the acceleration profile. This 
question may be partially answered by posing another question. Can the 
modified trapezoidal cam be manufactured accurately or any other cam that 
requires a careful control of the acceleration curve? It has been 
demonstrated in section 3 that measured cam data possessing quite large 
random erros produces an almost identical response in the performance 
prediction program as the designed cam data and that these both agree 
well with experimental measurements. The influence of local erros appears 
to, be relatively unimportant· to the overall response as the linkage 
system acts to a limited degree as its own smoothing function. Complaints 
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that the dips in poly dyne cam profiles are difficult to fabricate have 
not led to any lack of interest in polydyne designs, and the solutions 
suggested here contain smaller variations from a standard acceleration 
curve than the polydyne due to lower specified design speeds and the 
smoothing effects of the damping terms. The analysis of 'the performance 
of cams in the model system has enabled correct choices to be made from 
similar designs. It is concluded that the order of merit of the designs 
considered here will als·o be valid in their practical results. 
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